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ABSTRACT 
The approach to rural water supply and management in developing countries is a concern for world 
organisations and national governments. There is an increasing need for a shift from a centralised 
infrastructure, which often are not functional to decentralised systems such as rainwater 
harvesting. With increasing water demand and flood risks, the value of RWH is gaining more 
recognition worldwide within the academic and policymakers. However, in Nigeria, recognition of 
RWH as a reliable source of water within government circles is not strong enough to prompt policy 
statements or actions to promote RWH. Social, technical barriers, as Well as concerns and 
knowledge gaps exits which impedes government adoption of RWH nationally as a reliable source 
of drinking water.  This research intends to promote large-scale RWH by developing a grading scale 
to compare risks to human health associated with water from rainwater harvesting and other 
drinking water sources. The index will grade drinking water sources based on health risk to give a 
better understanding of the risk associated with each drinking water source. Aiming to encourage 
policy and investment shift towards rainwater harvesting. Fieldwork was undertaken in a rural 
community, and drinking water sources were investigated. Microbiological; thermotolerant 
coliform bacteria and physicochemical; metals, pH, temperature, turbidity parameters of the water 
sources were assessed. Also, sanitary inspection of the drinking water sources was conducted. The 
sanitary inspection scores presented RWH systems as having lower sanitary risk scores when 
compared with scores from the Stream and Well sources. In the perception survey conducted, 
professional and end-users seem to think that rainwater is a good source of drinking. While the 
professionals are slightly concerned about water quality, the end-users are ready to make their 
choice of drinking water source based on appearance, smell, the taste of the water. The microbial 
and physicochemical tests conducted indicate that the coliform load of water samples from the 
rainwater tanks were less than that of other sources. However, tanks-2, which has a simple water 
filter installed at the tank inlet, recorded zero faecal coliform and total coliform if the filter was in 
place. The physicochemical parameters of the rainwater samples were mostly either below limits 
of detection or below WHO recommendations and standards, unlike the other sources. 
Quantitative health risk assessment was carried out using the microbial results leading to the 
calculation of disability-adjusted life years for each drinking water source. The integration of DALYs, 
sanitary inspection and perception scores formed the health risk index. The DALYs and the Health 
Risk Index presents water samples from RWH sources as less contaminated than samples from the 
Streams and Wells. Policy shift for large-scale rainwater harvesting was suggested and suggestion 
of further research work to validate the findings of the research were made.  
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CHAPTER ONE 
1 Introduction 
1.1 Background 
The World Health Organisation (WHO) in collaboration with United Nations Children Emergency 
Fund (UNICEF) (Who/Unicef, 2000) declared that “improved water supply” refers to the availability 
of at least 20 litres per person per day from a source within 1km of the user's dwellings. This implies 
that improved water supply does not only refers to the continuous availability of water, but also to 
the distance at which water can be accessed. 
According to the UNICEF/WHO, Joint Monitoring Programme (JMP) update 2015 about 2.6 billion 
people have gained access to improved drinking water leaving about 663 million people worldwide 
who cannot access improved water supply as at 2015 (from 1990) (Who/Unicef, 2015). This no 
doubt is an improvement from the 1.1 billion people as at 2005 (Bitterman et al., 2016). However, 
most of the 2.6 billion people that have access to improved drinking water sources live in the urban 
areas. Statistics indicate that most of the 663 million people who still lack access to improved water 
supply live in developing countries with an estimated eight out of ten living in rural areas and most 
cases in extreme conditions of poverty and nearly half the number, 319 million, live in sub-Saharan 
Africa (Who/Unicef, 2015). Bridging the gap in water supply sustainably in line with UN’s  
Sustainable Development Goal (SDG) 6 which aims at ensuring everyone on earth has access to a 
safe and affordable drinking water by 2030 (United Nations, 2015) is essential. Rainwater 
harvesting (RWH) which is part of this goal is rising to the challenge already in many countries from 
Antwerp in Belgium to Zamora in Mexico (Ward, 2010) and down to South Africa (Mukheibir, 2008; 
Mwenge Kahinda et al., 2007; Mwenge Kahinda et al., 2010). 
Access to improved and sustainable supplies of drinking water in Nigeria and many West African 
countries remains a very critical issue for the government (Ishaku et al., 2011). Essentially, access 
to improved drinking water supplies according to Millennium Development Goals, (MDG 7, target 
10) which has now been upgraded to SDG 6, is a very important factor for improved quality of life. 
With the introduction of the SDGs, it has become imperative for the governments of most 
developing countries like Nigeria and the West African sub region to ensure that the improvements 
recorded with the MDGs are sustained and improved upon for improved water supply.  
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The Nigerian government in response to the previous MDGs formulated the National Economic 
Empowerment and Development Strategy [NEEDS; 2003 - 2007] which prioritises water supply and 
sanitation as central to so many aspects of human development, health and rural development 
(Moser, 1984). As a direct consequence of the Millennium Goals and NEEDS, every state in Nigeria 
including Enugu state and every local government including Isiuzo LGA formulated what is referred 
to as local millennium development goal initiative (LMDGI). This is a strategy for achieving the 
water, sanitation and hygiene (WASH) targets of the millennium development goals [MDGs] 
(Wateraid, 2013). However, MDG country report 2015 shows Nigeria made progress in providing 
improved drinking water by 40% in 1990 to 68% in 2015, which is approximately 29% short of 77% 
target for 2015. Many individuals in Nigeria especially in rural communities are still grappling with 
extreme water shortage exposing the need for effective water supply management. 
Consequently, improving on the achievements of the MDGs, now aligned with the SDGs targets, 
will require the application of Water Safety Planning through NEEDS and LMDG that adopts a risk 
management approach to providing safe sustainable supplies of drinking water in rural 
communities including those in Isiuzo local government area (LGA), Enugu State, Nigeria.  
However, site investigation and interaction with some water resources professionals and 
community leaders in Neke Enugu have shown that there is a seeming reluctance by government 
agencies and the public to explore the potentials of sourcing improved drinking water from every 
reliable source including rainwater harvesting (RWH). In Enugu, like many communities in West 
African countries like Ghana, Cote d'Ivoire and Senegal, there is a substantial RWH potential based 
on mean annual rainfall of 1782 mm and mean yearly runoff of approximately 1.8x 1011 litres from 
a roof area of approximately 119 m2 (fieldwork data). However,  rainfall is mostly seasonal.  
Recent reports (Mayer et al., 2016) indicate that 53% of the rural population in Enugu state do not 
have access to improved drinking water, therefore exploring RWH potential is a focus for this 
research study.  In a rural community with Streams that are vulnerable to contamination (open 
defecation, bathing, washing up clothes and cars near the Streams), expensive groundwater 
extraction due to the low water table, affordability issues due to low income, exploring RWH 
potentials becomes necessary.  
According to the United Kingdom DFID’s State and Local government Programme report (Mayer et 
al., 2016), and  interaction with local people, some end-users of drinking water in the rural Enugu 
communities practice RWH during the rainy season but some are concerned about its cleanliness 
and the probability of getting ill from drinking or using rainwater.  
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Whereas this study is conducted in a rural community in Enugu, it is expected that the findings will 
apply to most rural communities of West Africa, which share similar settings with Enugu. 
1.2 Research Perspective 
The question is, can rainwater harvesting (RWH) be of help to the rural communities? RWH can be 
described as a technique used to collect, convey and store rainwater from a relatively clean surface 
like the roof of buildings, or any other catchment (Ishaku et al., 2011). It is already being practised 
in both developing and developed countries like Australia New Zealand, South Africa and Guinea–
Bissau (Coombes et al., 2000; Mwenge Kahinda et al., 2007) (Nagels et al., 2002). The main benefit 
of RWH is an alternative source of portable water supply where rainfall is sufficient, and a means 
of self-water supply as households can manage their systems.  
This research study examines the quality of roof harvested rainwater, water from Stream and 
shallow Well sources with a view to identifying water quality issues as well as exploring water 
quality perceptions of individuals in the study area. The expectation is to develop an indicative 
grading scale base on systematic risk assessment of RWH systems and the other sources of drinking 
water incoprating the likelihood of drinking water from the sources. This risk metric will be call 
health risk index (HRI). The anticipation is to overcome any actual or perceived water quality 
concerns that hinder large-scale RWH. The HRI will grade drinking water sources giving 
policymakers informed understanding of the health risks of drinking water from varying sources. 
This could trigger a paradigm shift from a focus on traditional borehole and pipe borne water supply 
(mostly non-functional) to promoting large-scale RWH in West Africa.  
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1.3 Aim and Research objectives 
The aim of this study is to facilitate recognition of RWH as a mainstream water supply source by 
developing a risk index as a metric for grading and monitoring drinking water sources in rural 
communities that protects human health and has societal acceptance as part of a Water Safety 
Planning approach while assisting policymakers in making informed decisions towards the large-
scale adoption of RWH. 
To achieve the aim research, the following objectives will be followed: 
1. Conduct a sanitary inspection and quantitative health risk assessment (QHRA) of domestic 
water sources with a special focus on rainwater. 
2. Analyse end-users and health/water professionals’ quality perception of various sources of 
drinking water. 
3. Develop a risk index as a metric for grading and monitoring drinking water sources.  
4. Suggest a policy and practice approach to encourage adoption of RWH as a viable source of 
potable water  
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1.4 Thesis structure 
The thesis structure is outlined Table 1.1. This table presents a summary of the chapters and their 
relationship to the overall aim, different objectives and the results of the research design. 
In part two are two chapters.  Chapter 2 presents an overview of literature relating to rural water 
supply, setting out the context for the research. Furthermore, it provides a review of literature that 
explores aspects of different water supply sources in rural communities and attendant issues 
associated with each source.  Additionally, previous approaches towards the determination of 
drinking water quality perception of stakeholders in developing countries especially at the rural 
community level are presented. Similarly, various technical approaches towards drinking water 
quality, rainwater quality and sanitary inspection are also reviewed. Also, the technical procedure 
for analysing water quality was reviewed in this chapter. Chapter 3 presents the research strategy 
and methods. 
Part three comprising of four chapters presenting all the aspects of fieldwork and data collection 
process. Chapter 4 contains the details of the water quality perception surveys carried out during 
the fieldwork program. This includes the details of each survey and the methods adopted.  Chapter 
5 presents details of the sanitary inspection (SI) carried out with both the WHO SI forms and the 
revised SI used in the second phase fieldwork to address the shortcomings observed with using the 
WHO SI form. 
Chapters 6 presents details of microbial quality assessments, and physicochemical assessments 
carried out on the water samples collected from the various water supply sources. The equipment 
and methods used are also presented. 
In chapter 7 another aspect of this research is presented, a quantitative health risk assessment. In 
this aspect, the contaminants and potential contaminants identified in the previous chapters are 
risks assessed with respect to health issues and disease burden culminating in the calculation of 
disability-adjusted life years (DALYs). 
Chapters 8 presents aspects of data utilisation in terms of articulating the overall results and 
formulation of the Health Risk Index which is the aim of this study. 
Finally, chapter 9 has details of the conclusions drawn from this study and the recommendations 
as Well as the suggestion of further research work, made based on the research findings. 
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CHAPTER TWO 
2 Literature Review  
In chapter one, the overall outline of the strategy and outlooks adopted in this thesis were 
presented. This chapter presents a more detailed review of relevant literature that underpins this 
project. The sub-topics considered are a result of an effort to consider background views of 
rainwater harvesting (RWH) and the context in which sits this research study – which is sustainable 
rural water supply through large-scale RWH. In support of the socio-technical nature of this 
research study, background on topics ranging from drinking water sources, water quality 
perception, rainwater quality perception, water quality and sanitary inspection of drinking water 
facilities are provided. Also, to be considered are quantitative health risk assessment and water 
quality indices. The sub-topics listed explored in this chapter. 
• Sources of drinking water in rural communities (pros and cons) 
• Rainwater harvesting (why, how, process, pros and cons) 
• Water quality [Pollution, contamination]  
• Rainwater harvesting and rainwater contamination (general pollution and then source - 
pathway – receptor) 
• Sanitary Inspection 
• QHRA 
• Water quality perception in developing countries         
2.1 Sources of drinking water in rural communities 
It is a universal concept that access to clean water is fundamental to human health and Wellbeing. 
The declaration of Human Right to Water by the United Nations in 2010 reaffirmed this position by 
making everyone entitled to acceptable, affordable, physically accessible, safe and sufficient water 
for personal and domestic uses (United Nations, 2010).  This resolution was a further drive towards 
achieving part of the Millennium Development Goals (MDGs) set in 2000, which are targets set to 
be achieved by the end of 2015 with access to safe water and sanitation forming the target 7C of 
the MDGs. The World Health Organisation (WHO) and United Nations children’s emergency fund 
(UNICEF) constituted the Joint Monitoring Project (JMP) to evaluate the progress of the MDGs and 
with respect to water, evaluation was based on the number of individuals that have access to an 
improved water source (Bain et al., 2014). Improved sources were listed as water piped into 
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dwellings or a standpipe, borehole and protected dug Well and rainwater.  Conversely, unimproved 
sources include surface waters, unprotected Wells and unprotected springs. Ideally, from an 
improved source, every individual requires at least 20 litres of water every day for general water 
needs from a source not more than 1 km from the individuals home (Howard & Bartram, 2003; 
Who/Unicef, 2000). A public standpipe sited about 200 m away is standard for urban areas. 
However, for rural areas, siting of a standpipe 200 m away,  can be interpreted simply to mean 
people not spending a disproportionate time of the day looking for water to use (Ishaku et al., 
2011). Understanding the various water sources in detail is critical to evaluating the quality of water 
that comes from them. Safe water for daily domestic and drinking needs can be obtained from 
treated surface water, natural springs, sanitary Wells and protected boreholes (Ishaku et al., 2011). 
In this research, the focus will be on the water from rainwater harvesting systems.  
 Rainwater 
Rain could be described as precipitation in the form droplets which condenses from the 
atmospheric water vapour and the gains weight enough to fall under gravity. It also I can be referred 
as drops of water with dimensions greater than 0.5mm (0.02mm).  Rainfall is a major component 
of the hydrological cycle and contribute to freshwater deposits on earth as Well as provides good 
conditions for all types of ecosystem. It is also essential for hydroelectric power generation and 
irrigation for better crop yield. 
Rain results mainly from moisture movement along the zones temperature and moisture contrasts 
known as weather fronts. Rain could fall from convective (strong upward vertical motion) or as 
cumulonimbus (thunder clouds) forming rain-bands. Rainfall can be classified as light moderate and 
heavy rain depending on the hourly rates; Light Moderate, Heavy, less than 2.5 mm, 2.8 to 7.6 mm 
and more than 7.6 mm respectively. Rainwater can be harvested, go into Stream, rivers as rough-
off or soaks through the soil to add to groundwater. Irrespective of source, the quality of water 
obtained is a major concern to all because access to safe-drinking water is essential to health, a 
fundamental human right and a component of effective policy for health protection (Who, 2011). 
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2.2 Water quality 
The quality of water obtained from rainwater, groundwater and surface water sources are 
constantly a concern due to pollution. In this section, the issue of water pollution is discussed. 
 Water pollution 
Pollution can be defined as any action(s) or process(s) of making air, water, land or the environment 
dirty and unsafe or unsuitable to use. Pollution can also be referred to as introduction of substances 
capable of causing harm and discomfort to human beings or other organisms into the environment; 
such may also have the capacity to damage the environment. These may be chemical substance or 
energy releasing elements like noise, heat and light. Several industrial practices have been known 
to have caused air, and water pollution (Jerry, 2015; Serenity, 2010) Pollution can be viewed from 
four main perspectives; air pollution, land pollution, noise pollution and water pollution.  
Water pollution is the actual contamination of water sources example; lakes, rivers, oceans, 
groundwater and rainwater by pollutants introduced directly or indirectly without adequate 
treatment or sterilisation which should remove harmful compounds from the pollutants. Released 
energy occurring in the form radioactivity or heat can also constitute water pollution when released 
into water bodies (Jerry, 2015). 
This research is focusing on the water pollution perspectives, and the source-pathway-receptor 
concept which has been used successfully in the field of land contamination and effects of climate 
change (Balbus et al., 2013; Sneddon et al., 2009) was adopted as one of the strategies to explore 
water pollution process. The other strategies adopted include sanitary risk assessment (Cronin et 
al., 2006; Oloruntoba, 2008) and dose-response evaluation (Howard et al., 2007).  
Aspects of drinking water pollution have been the concern of the world giving rise to the 
development and adoption of various drinking water quality guidelines and standards as contained 
in these documents (Son, 2007; Who, 2011). 
Therefore, this research is focusing on sources of contamination and drinking water quality using 
the concept of source-pathway-receptor, dose-response, and risk assessment with respect to 
drinking water sources especially RWH systems.  
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2.3 Rainwater Harvesting 
Rainwater harvesting [RWH] is an age long practice in many countries of the world, and it could be 
regarded as a term used to describe those techniques whereby rain is intercepted and used close 
to where it first reaches the earth. Roof water harvesting is one of those techniques (Thomas et al., 
2007). Similarly, RWH can be described as a technology used to collect, convey and store rainwater 
from relatively clean surfaces such as a roof, land surface or rock catchments for later use (Jerry, 
2015). (Gould et al., 1999) describes rainwater harvesting as the collection, concentration and 
storage of rainwater runoff for domestic or agricultural purposes. It has evolved over the years and 
has led to new technologies and innovative approaches into common practice in several countries 
around the world. RWH recognised as a source of improved water has also been identified by some 
studies as a potential source of potable water (Barthwal et al., 2014; Ward et al., 2013). As a source 
of water for many households, RWH is gaining more recognition globally both in its traditional way 
and in new ways of providing water or supplementing existing water supplies (Nagels et al., 2002) 
For instance in Australia, just like in USA, New Zealand, South Africa and parts of East Africa,  about 
3 million people mostly residing in the remote and rural areas where reticulated mains or town 
water is not available to rely on RWH for drinking water supplies (Ahmed, Warish et al., 2010; 
Organization, 2000). RWH has also been adopted in parts of the world especially where the 
conventional water supply systems have failed to meet water supply demand (Handia et al., 2003). 
As of 2010, about 89 million people use rainwater for various needs (World Health Organisation, 
2012). Table 2.1 is presented studies of aspects of RWH in several countries where RWH is being 
practiced in some ways. 
The increasing pressure on water resources due to an increasing demand for water resulting from 
developmental activities (Barron et al., 2009) can be viewed as a justification for increased 
encourage for rainwater harvesting practice.  Furthermore, RWH is essential for a sustainable water 
supply management system which must incorporate all water users within the environment, 
agriculture, industrial and domestic fronts (Barron et al., 2009; Ward, 2010). In its most rudimentary 
form, RWH has been historically a sustainable water management technique. This is evident in the 
Island of Sardinia from about 6th to 19th century BC were wide spread use of cisterns was common 
practice. The cisterns were made of stones or terracotta and had three forms, bath-tubs storing 25-
134 m3; flask storing 3-250 m3 and cave which stored an excess of 10000 m3 of rainwater (Crasta et 
al., 1982). Where surface water is absent or contaminated, and groundwater is deep to extract, 
contaminated and therefore unfit for drinking or used, rainwater could logically become the other 
alternative if rainfall in the area is regular (Wateraid, 2013).  
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 Rainwater harvesting systems 
Rainwater harvesting systems can be categorised based on some criteria, type of storage tank used, 
whether surface or subsurface, the material used for reservoir construction and the list continue. 
The most common approach is by the type of catchment surface for example roof, ground or rock 
catchment surface (Gould et al., 1999). RWH system can also be categorised in terms of the purpose 
for which the water is being harvested, domestic use, agricultural use or flood control (Gould et al., 
1999). In this study, the focus will be on RWH for domestic use. Every rainwater catchment system 
consists of the following components; 
• Catchment surface that collects water 
• Storage reservoir where water is stored  
• delivery system, e.g. gutters or drains 
Figure 2.1 presents a typical domestic RWH system, the roof catchment collect the rainwater and 
transfers it via the guttering system to the water storage which is the tank from where the 
household collects water for daily use via the tap outlet. 
 
 
Figure 2.1 Domestic RWH system showing the roof catchment, delivery system and the storage 
tank (Martinson, 2007) 
The pictures in Figure 2.2 to Figure 2.4 presents RWH systems being used Sri Lanka, Nigeria and 
Burkina Faso showing similarity in system components but differences in water storage materials. 
The catchment, guttering and storage components can be easily identified, and the storage tanks 
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are diverse, Ferro-cement tanks, metal and plastic tanks. The tank sizes also vary. Figure 2.3 c, 
shows an adequately planned RWH system which delivery water directly to the point of use in the 
building.  
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Figure 2.2 RWH system in Sri Lanka (Martinson, 2007) 
 
Figure 2.3 RWH systems in Enugu, Nigeria 
a b
c
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Figure 2.4 RWH system in at a school in Guirhora Kello, Burkina Faso (From WaterAid UK) 
There have been several studies looking at different aspect of rainwater harvesting in the specific 
countries where the studies were conducted as presented in Table 2.1. 
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Table 2.1 RWH in some countries 
Author Title Country 
(Handia et al., 2003) Potential of rainwater 
harvesting in urban 
Zambia 
(Helmreich et al., 2009) Opportunities in rainwater 
harvesting 
UK 
(Hashim et al., 2013) Simulation based 
programming for optimization 
of large-scale rainwater 
harvesting system 
Malaysia 
(Imteaz et al., 2012) Rainwater harvesting 
potential for southwest 
Nigeria using daily water 
balance mode 
Nigeria 
(Rahman et al., 2012) Rainwater harvesting in 
Greater Sydney 
Australia 
(Mwenge Kahinda et al., 2010) Domestic rainwater 
harvesting as an adaptation 
measure to climate change in 
South Africa 
South Africa 
(Abdulla et al., 2009) Roof rainwater harvesting 
systems for household water 
supply 
Jordan 
(Jones et al., 2010) Performance of rainwater 
harvesting systems in the 
southeastern United States 
United States 
(Despins et al., 2009a) Assessment of rainwater 
quality from rainwater 
harvesting systems 
Canada 
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 Benefits of RWH 
Adopting RWH has several advantages, Murray, C. J. et al. (1997b) opines that it is possible to obtain 
good quality water from RWH and therefore considers RWH as a source of improved water supply. 
Similarly, Wateraid (2013), considers RWH as an appropriate alternative water supply where rainfall 
is regular. From an environmental science viewpoint, Farreny et al. (2011) indicated that Rainwater 
harvesting is a way of water savings as Well as an ecological and sustainable method of water 
management, capable of reducing urban runoff and flooding. Similarly, (Abdulla et al., 2009; 
Parsons et al., 2010) highlights that in recent times rainwater harvesting techniques have been 
identified as possible efficient and effective way of recharging stressed aquifers as Well as reduce 
dependence on natural water sources for potable and non-potable water needs. It is very unlikely 
rainwater is free of contaminations giving the process it has to follow; catchment (collection 
surface), guttering (for conveyance), and storage (for water storage) (Thomas, 1998),  a source-
pathway-receptor system.   
Typically, for a domestic rainwater harvesting via roof catchment, as rainwater runs down the roof, 
it washes along possible contaminants that maybe present on the roof, such as rust, bird’s faeces, 
small animals waste, onto the gutter then into the storage tank. When water is collected from the 
tank for drinking, the individual is exposed to the risk of drinking contaminated water and infection. 
This is because the rainwater may be contaminated by microbiological and physicochemical 
contaminants (Sánchez et al., 2015) and this makes the quality of rainwater an issue that has to be 
adequately managed. These benefits notwithstanding,  a research study by (Martinson, 2007) 
through interview of professionals and householders in Uganda, Sri Lanka, and Ethiopia attributed 
constrains to RWH to costs, water quality and management issues. These are connected the cost of 
storage tanks, monitoring of the chemical and biological quality of water and managing the 
seasonal nature of rainfall in these countries as Well as the profitability of large scale RHW. 
 The quality of harvested rainwater 
The issue of rainwater quality has been and is constantly being investigated, and some of these 
studies have identified both microbiological and physicochemical contaminants in rainwater water 
samples (Abbott, Caughley, & Douwes, 2007) (Despins et al., 2009a; Thomas et al., 1993) 
However, there is a general feeling in some communities that roof-harvested rainwater is safe to 
drink, although this is not Well supported by epidemiological evidence (Ahmed, W. et al., 2010). 
According to Cairncross et al. (1993), rainwater collected from metal or asbestos roof is relatively 
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clean and is readily available to the users if the roof is theirs. According to some studies, roof-
harvested rainwater is generally acceptable for use as potable water (Ahmed, Warish et al., 2010).  
Generally, rainwater supply contamination can be microbial such as faecal contamination or 
chemical such as metal contamination. A possible source of faecal contamination may be birds and 
animals on the rooftop, and chemical contamination could be from chemicals applied to rooftop or 
those remaining in storage facilities. Also, some studies in Nigeria have been examining the quality 
of rainwater in relation  to the material of the roof catchment (Efe, 2006) and (Adeniyi et al., 2005).  
 Microbial contamination 
Various studies have identified the presence of pathogens such as Aeromonas spp. Campylobacter 
spp., Campylobacter jejuni, Salmonella spp., Legionella pneumophila, Giardia spp., Giardia lamblia, 
and Cryptosporidium spp., in roof-harvested rainwater samples (Ahmed et al., 2008)  (Crabtree, 
Kristina D et al., 1996), (Savill et al., 2001). These pathogens could cause various illnesses like 
gastrointestinal illness in humans, with nausea, vomiting as Well as diarrhoea occurring within 12 
to 72 h (Salmonella enterica serovar Typhimurium) 9 to 15 days (Giardia lamblia) after ingestion of 
contaminated water (Wilson et al., 2003). Incidentally, some outbreak of diseases has been 
associated with harvested rainwater (Havelaar et al., 2003; Ward, 2010). 
Another major issue of concern in rainwater harvesting is the potential risk of contamination in 
storage and whether the stored water will be a breeding place for mosquitos (Murray, C. J. et al., 
1997a). The danger of mosquito breeding is the possibility of the spread of diseases such as yellow 
fever, malaria or dengue fever within the community. Some studies have implicated defective 
rainwater harvesting systems in the spread of dengue fever (Havelaar et al., 2000). 
 Metal contamination  
Another contaminant of rainwater is the presence of metals especially roof harvested rainwater. 
This could be the result of rainwater quality, and roof type (e.g., material, slope, length) as studies 
suggest, (Gikas, G. D. et al., 2012), leading to heavy metal contamination. 
Also, rainwater can be polluted by constituent emissions into the atmosphere, emanating from 
industrial pollution in urban areas, combustion of fossil fuels in vehicles and buildings, as Well as 
agricultural activities (e.g. emission of pesticides) in rural area (Melidis et al., 2007), (Sazakli et al., 
2007). 
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2.4 Water quality monitoring and management 
Water quality management contributes both directly and indirectly to achieving the targets set out 
in all eight Millennium Development Goals (MDGs), although it is most closely tied to specific 
targets of the goal 7, to ensure environmental sustainability(Marshall, 1996). These goals now 
upgraded to the sustainable development goals (SDGs) can be achieved by the WHO recommended 
water quality monitoring programs. This includes sanitary inspection, microbial and 
physicochemical tests and implementation of a water safety plan (Who, 1997),  (Who, 2016)  (Rondi 
et al., 2015) (Gain et al., 2016).  
Water quality management for rainwater harvesting systems (roof catchments) can be as simple as 
insulation of filters at the tank inlets, first flush systems, regular cleaning and general maintenance 
of the water storage tank. (Martinson et al., 2003, 2005; Thomas et al., 2007). These practices are 
capable of enhancing the water quality. Also monitoring the microbial quality by testing for faecal 
indicators on a regular basis should be practiced as of part water quality management.  
 First Flush systems 
This is a device used in an RWH system to divert particularly contaminated volumes of runoff, to 
increase the harvested rainwater quality and minimise the amount of contamination form wind-
blown dirt and bird or animal droppings, which could get into storage tanks (Fewtrell, L et al., 2007; 
Who, 2008). The first flush diversion means throwing away of the roof runoff water whenever it is 
particularly dirty for instance in the first minutes of a storm after several days or months of dry, 
dusty weather condition (Thomas et al., 2007).  
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Figure 2.5 a schematic diagram of a first flush system and possible pipe connection in a first flush 
system for RWH (Gikas, G. et al., 2012) (Martinson et al., 2003) 
The first flush system plays its crucial role during a storm event; the rain continuous washes the 
roof with the roof getting cleaner with time. The most contaminates can, therefore, be found to 
concentrate most in the first runoff. This washes the roof leaving it cleaner and the water 
considerable more portable. So the first flush system removes the dirtiest part of the runoff which 
then allows cleaner water to enter the storage tank. 
Key benefits of the first flush system over filtration include 
• No sensitivity to particle size, an important factor when roof dust is being considered for 
filtration design 
• Removes both dissolved and suspended contaminants especially lead and zinc  
One disadvantage of the first flush system the “throwing away” of an amount of water but it is 
possible to design a system that can capture and use the water for purposes that require less 
portable water. Studies have shown good in the use first flush systems especially in Asian countries 
making the system a popular method of improving the quality of roof harvested rainwater before 
storage (Abbott, Caughley, Ward, et al., 2007)  
The most popular of the four methods of the first flush system is the manual method. It is simple 
and widely recommended, but it requires the user to be at home and be ready to go into the rain 
to operate the device (Gould et al., 1999). This may likely reduce its usefulness. The other three 
methods include fixed volume, fixed mass and flow rate methods. How these methods operate and 
the challenges with their use are described in (Martinson, 2007) 
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 Installation of filters 
Water washes down the roof to the tank inlet via the conveyance gutters. It is reasonable to place 
filters at the inlet to prevent any contamination from getting into the storage tank as the majority 
of contaminants get stuck unto debris from the roof while letting only water pass through the filter. 
The solid debris held back builds up on the surface of the filter and will need to be regularly removed 
and the filter surface washed (Thomas et al., 2007). The debris if not prevented will get into the 
tanks to become nutrients for mosquito larvae to feed on (Martinson et al., 2003). This makes filter 
installation a practicable and common method of enhancing the quality of water from RWH systems 
(Martinson et al., 2005).  
According to Thomas et al. (2007) filtering the rainwater before it gets into the storage tanks has 
its benefits which include; 
• Preventing breeding insects and bacteria in the tank from getting the most of the nutrients 
they require therefore they die off 
• It also means the tank will not require constant cleaning or cleaning at all 
• With good tank ventilation, the water is prevented from going anaerobic and smelling  
 Inlet filter could range from cloth or gravel to complex multi-stage filtering systems. There are two 
common categories of filters; coarse leaf filters and fine filters. According to Martinson et al. (2003) 
the coarse leaf filters can be installed anywhere from the gutter to the tank inlet and should be of 
5mm grid to avoid flow rate issues, and the filter itself can be removed for cleaning. The fine filter 
is used most in developing countries are sand or gravel based and can be used for RWH systems. 
However, there is the challenge of upkeep as many home owners often dispose of the filter media 
when it blocks and may replace with a courser medium or nothing (Ranatunga, 1999). This makes 
self-cleaning filter the best alternative for developing countries.  
The effectiveness of an inlet filter can be assessed by its hydraulic efficiency and filter effectiveness. 
However a good filter should be meet the following criteria as set out in (Thomas et al., 2007); 
Should be able to deal flows associated with high rainfall intensities (e.g. 2mm/min down pour onto 
a 50 square meter roof) 
• should be easy to clean or largely self-cleaning 
• should not block easily and blockages should be seen easily 
• should not become a source of contamination when left uncleaned 
• should not be too costly (10% of tank cost maximum) 
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• the amount of water loss by diversion to washing the filter should be only a small amount 
of the total flow 
In Summary, to avoid loss of water, inlet filters should have the capacity handle large amounts of 
rainwater during a storm event and should preferably be self-cleaning to avoid issues resulting from 
lack of maintenance (Islam et al., 2010; Martinson et al., 2005). 
2.5 Monitoring of microbial quality 
 Faecal Indicators 
Several different enteric microorganisms are known to infect humans. These enteric 
microorganisms are excreted in the faeces of infected individuals or animals, and may directly or 
indirectly contaminate water intended for human consumption (Gray, 2010). Enteric pathogens in 
drinking waters are of great concern. Hence, legislation in Europe, USA and other countries requires 
analysis of indicators to determine the microbiological quality of the water supply (Bartram et al., 
1996). Ideally, it will be desirable to analyse drinking waters for the presence and quantification of 
specific enteric pathogens, but they are hard to measure. 
A very useful tool for determination of the potential presence of pathogenic (enteric) 
microorganisms in waters is the analysis of various microorganisms classed as either `indicator’ or 
`index’‖ organisms (Borrego et al., 2002; Who, 2011). The presence of these organisms signals 
microbial (faecal contamination). 
The three most recognised of the microbial indicators or indicator organisms include; process 
microbial indicators, faecal indicators and index & model organisms. It is expected that these 
indicators must fulfil certain requirements (Who, 2011). Process indicators consist of a group of 
organisms that display the efficacy of a process; faecal indicators are organisms that indicate the 
presence of faecal contamination, therefore can only deduce that pathogens may be present. 
Similarly, index and model organisms consist of a group or species that indicate pathogenic 
presence as Well as behaviour (Borrego et al., 2002). 
Using index and indicator organisms to assess the microbiological and sanitary quality of waters has 
been a Well-established practice for about a century. The most common and generally used 
indicators are the total coliforms, faecal or thermotolerant coliforms, Escherichia coli, enterococci 
(faecal streptococci or intestinal enterococci) and bacteriophages.(Wittekind et al., 2017) 
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 Identifying the presence of these Indicators  
The characters of stated indicators in real terms can be determined on the basis of biochemical 
reactions evaluated in a culture media that are predictable either by the appearance of 
characteristic colonies (with a specific colour as response to this reaction in chromogenic 
substrates) and/or by the emission of fluorescence (Corbett, 2003). 
Biochemical tests: H2S Strip Test developed to detect in a volume of water the production of H2S by 
enteric bacteria associated with faecal contamination by the formation of a black precipitate from 
the reaction of the H2S with iron in the medium (Adeniyi et al., 2005). Colour and fluorescence are 
the responses expected in presence/absence tests in liquid media either in the bottle.  
The Most Probable Number (MPN), is a presumptive test and approach is designed as blisters and 
micro-plate systems (for lab scale and field tests) that enable quantification.  These methods are 
not perfect because they can produce false positive and negative results. For the MPN the results 
take time and the accuracy of the result is low. Also to many hard wares are required for the test 
(Who, 1997) and (Bain et al., 2014). 
Another method is the plate count and membrane filtration described in (Who, 1997) and used in 
this research. 
2.6 Sanitary inspection 
A visit to any water supply system or scheme usually makes it possible to spot any fault or 
deficiencies that could expose such source of potable water to contamination. This is only possible 
if the visitor really has a clear knowledge of what to look for. This is typical of a sanitary inspection. 
Sanitary inspection (SI) is a vital aspect of any sanitary survey which records enables sanitary 
inspectors and rural community leaders to evaluate the potential quality of water with respect to 
the sources and to proffer remedial action where necessary (Michael, 2015). The guidelines for 
drinking water quality of the World Health Organisation (Who, 1997) describe sanitary inspection 
of water supply sources as an essential fact-finding activity aimed identifying practices, devices and 
every condition that poses an actual or potential risk to health and Well-being of individual 
consumers that depend on the source. It is an on-site inspection and evaluation essentially 
performed by qualified personnel who may refer to as a surveillance officer. SI should be an 
important aspect of a drinking water surveillance program for water supply sources and should 
essentially cover various aspects including the sources, activities in the catchment, how the water 
is transmitted (pipped or uniped), treatment process, storage facility and the distribution system (if 
present). (Who, 2011). In some instances responsible community members may assist the officer 
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in conducting sanitary inspection especially when the visits of the officer is not regular and also SI 
should in principle be accompanied by water quality tests especially microbial tests (Who, 1997).  
The SI foundation laid down by WHO has been adopted by many water quality studies (Cronin et 
al., 2006; Giannoulis et al., 2005; Islam et al., 2011; Lloyd et al., 1991) (Michael, 2015).  
 Sanitary Inspection and Microbial assessment 
In their study of various sources of drinking water supply (Islam et al., 2011) sanitary inspection was 
performed on household and community RWH systems and pond sand filters. The SI forms used in 
the study were designed based on the WHO guidelines and adopted for the systems that were 
inspected. The SI was performed in conjunction with microbiological assessment and a chi-square 
test was conducted to evaluate the risk score and the presence of e-coli. The study identified 
manual water collection from the tank and absence of the first flush as the only two out of ten risk 
factors having a significant relationship with the presence of e-coli in household and community 
RWH systems. However, the study seems to overlook the presence or absence of filter to the tank 
inlet, the finishing of the surrounding floor area and nearby trees as risk factors to the water storage 
facilities. 
The World Health Organisation (Who, 1997) recommends that SI should be performed 
simultaneously with water sampling and testing especially for microbiological contamination and 
this recommendation is supported by (Dufour et al., 2003). This recommendation seemingly 
inspired the study by (Barthiban et al., 2012) in which sanitary hazards and microbial quality of open 
dug Well were investigated. SI was performed using a modified version of the WHO SI form. The 
scores from the SI were referred to as sanitary hazard scores (SHSs). The form was modified to 
make it applicable to the hydro-geological condition of the study area, Maldives Islands. This means 
the SI form may not be universally applicable as a typical SI form for dug Wells. This study observed 
a generally weak correlation between FC counts and SHSs with only one Well showing a moderately 
significant correlation between the two parameters as shown in Figure 2.3 and Figure 2.4. 
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Figure 2.6 Plot of the Log10FC counts vs. SHSs observed in Daravandhoo Island-Dec-08 (Barthiban 
et al., 2012) 
 
Figure 2.7 Plot of the Log10FC counts vs SHSs observed in Daravandhoo Island-Oct-08 (Barthiban et 
al., 2012) 
This study did not investigate RWH facilities even though it stated that the population in the study 
area rely greatly on RWH. However, for the dug Well investigated, all the nine questions in the form 
were awarded equal weighting meaning that likelihood and severity of the risk factors were not 
fully considered. 
 It is noteworthy that the likelihood and severity of identified risk factors are key components of 
the SI aspects of this research study.  
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In another study (Tsega et al., 2013), a similar process of SI and water quality test was performed. 
Whereas the previous studies herein focused on microbiological testing this study when further to 
assess the physicochemical quality of drinking water from Wells and open spring. The study 
observed a strong positive correlation between coliform counts and sanitary risk scores (r = 0.817, 
p<0.01). Some other studies (Haruna et al., 2005; Howard, Pedley, et al., 2003) also reported similar 
strong correlation. However, these studies focused on Wells and surface water sources also the SI 
forms used were not indicated as modified, similar studies involving RWH facilities seems 
uncommon.    
Therefore, this study focusing on RWH facilities will evaluate and develop a new approach for SI of 
RWH systems.  
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2.7 Quantitative health risk assessment  
The need to prevent infectious disease transmission from human exposure to infected water, food 
or air has been a top concern and task for public health and environmental health professionals. 
Humans are exposed to various microbial and other hazards via water, food or air which may be 
contaminated by pathogens (Levin, 1996). As this research is focusing on water quality, 
understanding the presence of pathogens and any other contaminants in water is essential to 
determining its quality. 
The quality of drinking water could be determined by the quality of the source, level of exposure to 
contaminants during collection, treatment process and storage. Similarly, the physicochemical and 
microbiological quality parameters of drinking water can be affected by factors like heavy metals 
presence, trace organic compounds and pathogenic microorganisms (Meera et al., 2006). These 
factors can constitute health risks, and according to world health organisation, risk factor includes 
any exposure, attribute or characteristic of an individual which increases the possibility of 
developing an injury or disease (Ashbolt et al., 2010).  
Measuring and quantifying these risk factors are very important aspects of water quality 
management and this has led to development of methodologies for the quantitative microbial risk 
assessment (QMRA) and quantitative health risk assessment (QHRA) (Haas et al., 2014; Howard et 
al., 2006; Schijven et al., 2011; Westrell, Therese et al., 2004).  
According to Haas et al. (2014), a quantitative framework will be of high value in making a rational 
decision, in preparing, responding and recovering from exposure to hazards in water (or other 
sources). This underpins the adoption of quantitative microbial risk assessment framework (QMRA) 
by various water quality studies.  
The idea of applying a quantitative methodology to health risk assessment was initiated in the 
United States of America in the 1970s. The factors underpinning the approach at the time were, 
the concepts of  
• what health represents 
• acceptable risks 
• what makes up evidence  
• what makes government intervention and risk management plan legitimate (Corbett, 2003) 
Also according to (Corbett, 2003) this approach to health risk assessment was applied to five specific 
areas of interest to the then US government within the healthcare system-: estimating risk for 
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particular populations; balancing risks with benefits; target levels of risk; reviewing residual risks 
after applying an appropriate best technology and setting up priorities.  
The benefit of  QMRA is that the process is capable of providing a detailed breakdown of where the 
system is safe and where risks occur (Islam et al., 2011).  
However, whereas QMRA is tailored to assess microbial risks (Ahmed, Warish et al., 2010; Haas et 
al., 2014), QHRA is meant to assess both microbiological and physicochemical risks potentials for 
the selected drinking water sources (Howard et al., 2006). 
The information obtained can then help the water supplier, most likely a government agency, a 
private company and in some case, individuals who run their water supply, to decide where 
optimisation or additional control would be most effective. This is an essential tool for a risk 
manager in the water industry for efficient control or management of risks (Escamilla et al., 2013). 
Step 1. Problem formulation: an accurate description of the water supply systems from catchment-
to-tap is described, identifying the key control elements and strategies. 
Step 2. Hazard identification: identification of the microbiological pathogens within the water 
supply system capable of causing human illness, the process through which the micro-organisms 
reach the water consumers and the possible illnesses they can cause (Haas et al., 2014).  The 
physical, chemical and biological test outlined in previous sections will be carried out at this stage. 
Step 3. Exposure assessment: A systematic on-site survey of the catchment systems and water 
storage facilities and its surroundings (Westrell, Therese et al., 2004). A physical assessment of the 
surroundings of the drinking water sources named in figure 5 will be performed at this stage. 
Step 4. Effect assessment (dose response): this is the determination of the health conditions in 
relation to any exposure to waterborne pathogens (Islam et al., 2011) 
Step 5. Risk characterisation: this is the processing of the information obtained from exposure 
assessment and effect assessment, integrating the information to obtain a risk estimate.  
The output of the QHRA is like that of QMRA which is an estimation of the burden of disease 
resulting from infection or sickness, and this is expressed in years lost due to premature death or 
disability. This is referred to as disability adjusted life years (DALYs). The benefit of DALY is the ability 
to aggregate different impacts on quality and quantity of life and the focus on outcome instead of 
potential risks. This enables rational public health priority setting. DALYs also enables the 
comparison of chemical and microbial risks (Who, 2011) (Who, 2016). Link to the next section 
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2.8 Water Quality Perception in Developing Countries    
Although extensive research has been carried out on water quality, few studies exist that examine 
the users’ viewpoint. In the past there were no set ways to investigate the questions about water 
supply, nor was it clear what the key questions were (Farooqi et al., 2007). However (Murray, C. J. 
L. et al., 1997) opines that factors influencing water quality perception could vary from study to 
study and most likely informed by variables originating from the initial hypothesis of the studies. 
The study concluded that water quality perception results from various factors which are largely 
aesthetic and organoleptic (taste, smell, colour/clarity) properties of the water. In a cross-national 
study Escamilla et al. (2013) also established that estimation of water quality is mostly influenced 
by satisfaction with the organoleptic properties, risk perception, the perception of certain 
chemicals (lead, chlorine and hardness) and contextual cues. In recent times the public has emerged 
as important stakeholders in water resources management. This has eventually led researchers 
even to suggest that perception may likely become more important than reality when issues of 
drinking water quality are being examined (Sekar et al., 2009). 
However, the emergence of several international organisations like WHO and UNICEF have made 
water issues and concerns a global task as Well as recognising the general public as vital 
stakeholders in the management of drinking water supplies (Sazakli et al., 2007). In other words, in 
the judgement of water safety or determination of the acceptable level of risk, the society will have 
to play a very important role contributing their opinion or perception (Mondal et al., 2008). 
Consequently, the public acceptability of drinking water forms part of World Health Organization’s 
Guidelines for Drinking Water Quality by providing guidelines for the organoleptic properties of 
drinking water; taste, colour and smell (Ajayi et al., 2008).  The public can easily assess drinking 
water personally based on these properties. The presence of chemicals, either naturally present in 
raw water or from industrial sources, or even produced during chlorination, can alter the 
organoleptic properties of drinking water. 
This is very likely in most developing countries where centralised water supply with delivery via 
pipes is generally viewed as the most convenient, reliable and safest source of potable(drinking) 
water (Murray, C. J. et al., 1997a) simply because responsibility is out-sourced and quality control 
is assured supposedly. 
Notwithstanding the government’s set targets and government’s domination of water supply and 
management in developing countries, (Murray, C. J. et al., 1997a) suggests that most families do 
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not rely on government or community water reserves that may be subject to interruption or 
exhaustion.  
Notably, in most developing countries, the rating of water quality is largely dependent on the 
source. For instance, in Nigeria and most African countries groundwater is a major reliable source 
of domestic water even though very little qualitative information on groundwater is known 
(Macdonald et al., 2012). However, (Leech et al., 2009) observed that water quality consciousness 
has increased among end users because they are doubtful of the level treatments or health risk 
assessment of the drinking water sources. Their concerns centring on the organoleptic properties 
of some drinking water supplies, hence some users revert from a groundwater source to rainwater 
harvesting which is a Well-known source. 
 Organoleptic properties 
According to (Allen et al., 2007; Jakariya et al., 2007) sensorial properties of drinking water which 
include taste, odour, colour and turbidity are key to the determination of quality perception, service 
satisfaction, readiness to pay for service and selection of drinking water source by the public. In 
general, flavour has a very strong influence on drinking water quality perception and this combined 
with risk perception and context gives an overall consistency for individuals to evaluate before 
arriving at a considerable perception of quality (Escamilla et al., 2013). Flavour could be purely 
aesthetic, but it is an indicator that is directly experienced by water consumers. Increasingly 
drinking water is more of a commodity to be enjoyed than consume. Flavour seems to prevail over 
colour and odour, but the reason for this is not very clear, maybe because it is more noticeable than 
odour (Samadder et al., 2007) giving reasons for its prevalence over odour. Furthermore, protection 
of the aesthetic qualities of drinking water represented by colour, odour (smell) and taste which 
are organoleptic parameters is not an easy task to accomplish. Some substances can pose both 
health risk and aesthetic problems, and this is recognised by WHO, UK, EU and the Canadian 
drinking water quality standards (Who, 2011) (Khan et al., 2014). Giving the role of aesthetics 
parameter in drinking water quality perception, some consumers/end-users may consider as safe 
for drinking, water that is free of noticeable taste, odour or visible colour thereby lowering their 
risk perception guards.  However, the same drinking water could still be contaminated by microbial 
or chemical substances which may pose adverse health effects (Jakariya et al., 2007). 
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 Risk perception 
There is a seemingly clear indication that risk perception and drinking water satisfaction are closely 
linked (Khan et al., 2014). By definition risk perception, with respect to drinking water, could be 
defined as individual’s judgement of drinking water quality based on observed aesthetics and 
information received on non-aesthetic water qualities (Sánchez et al., 2015). This means that end 
users perception of drinking water quality is informed by a mixture of factors which could be socio-
cultural and psychological or an objectively informed sharing (Khan et al., 2014).  
In general, the concept of risk perception could be explained as an instinctive and intuitive reaction 
to danger when risk is viewed as feelings (Lloyd et al., 1991). Risk perception could be hard to 
understand, and the concept is a function of the properties of the hazards (Gwenzi et al., 2015). 
 According to (Murray, C. J. L. et al., 1997) similar cognitive, emotive processes which affect general 
risk perception also largely influences the perception of drinking water risks. Some of the factors 
include external information, familiarity, trust in institutions, demographics and perceived control. 
There are other factors like heuristics and biases as noted by (Gwenzi et al., 2015). Furthermore, 
end-users’ dissatisfaction with taste and the knowledge of the source of the drinking water are 
among factors that affect individual’s perceptions. Similarly, studies have shown that age, income 
and schooling can influence risk perception not only for individuals but also for households when 
making decisions  (Khan et al., 2014).  
Given that average individual’s judgement of water quality is usually based on the aesthetics it 
seems logical to assume that these individuals or end users will relate an aesthetic issue like the 
unpleasant taste or smell to potential health risk(Jakariya et al., 2007). 
 
 Chemical and microbiological properties of water and perception  
A study to determine the scales for rating the taste of water, (Bruvold, 1968) suggested that the 
linear relationship existing between the intensity of water taste and the level of mineral content. 
In another study, (Sazakli et al., 2007) compared the preference of drinking water from different 
sources and found that drinking water with high mineral content was mostly preferred over that 
with low mineral content. Studies have shown that the presence of residual chemicals chlorine 
(anions) and cations like sulphates can infuse an unpleasant flavour into drinking water and not 
only is the taste affected, the colour and smell as Well. However, quite a few studies have tried to 
link chemical content to visual acceptance or satisfaction of drinking water (Murray, C. J. L. et al., 
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1997).  On the other hand, microbiological contamination and high concentration of trace organic 
compounds have not been necessarily associated with aesthetics of drinking water. 
2.9 Measuring Perception 
 Focus group 
This is a form of group interview that takes advantage of communication among research 
participants to generate a documented response of the participants. This qualitative approach 
offers an effective, simple and quick way of obtaining data from several people at the same time. 
The strategy in this approach is group interaction which is usually tailored to a specific topic. The 
facilitator, usually the researcher, seeks to generate qualitative data, in the form of audio recording 
or taking note of the interaction occurring within the group (Krueger et al., 2014) (Bartram et al., 
1996).  
This means that the researcher encourages people to talk to one another (about the subject 
matter); asking questions, exchanging anecdotes and remarking on each other’s experiences and 
points of view. The researcher who is likely the group facilitator asking individuals to respond to a 
question, in turn, is not necessary. The facilitator must be skilful to manage the group, feeling 
relaxed and encouraged to exchange feelings view and ideas about the topic of discussion(Burrows 
et al., 1997; Rabiee, 2004). 
Instinctively, participants tend to provide checks and balances on each other, and extreme views 
are easily weeded out. This natural quality control and group dynamics help to focus on the most 
important views (Robson, 2011). 
The gains of the focus group include: 
• It is an economical way of getting the views of many individuals because the respondents 
are interviewed as a group instead of one on one. 
• They provide insight into the dynamics of attitudes and opinions in the context of the 
interaction that takes place between them, and this is not the case in questionnaire studies 
(Macdonald et al., 2000) 
• It increases the chances of spontaneity in the expression of views than other alternative 
methods of data collection (Altchenko et al., 2015) 
• It could make the participants feel supported and empowered by being in a group and 
acting in cohesion (Gain et al., 2016) 
31 
 
The down side of focus groups is the difficulty to follow individual views and the possibility of one 
or two people dominating the group. Most importantly the results cannot be generalised as they 
are not regarded as representative of the wider population (Robson, 2011).  
 Semi structured Interview 
This type of interview is used mostly in flexible research designs as it allows for more freedom 
during data collection and can be used as the sole method or combined with other methods 
(Robson et al., 2016). Usually, the interviewer has a list of topics for which responses are required, 
but there is considerable freedom in the arrangement of the questions within the schedule. That is 
the exact wording and the amount of time and attention given to each topic. The schedule is usually 
simpler than the schedule of a structured interview and may include the following: 
• introductory comments 
• list of topics headings and some likely key questions to ask under the headings 
• some associate prompts 
• closing comments 
The key strategy in this type of interview is to have different topics and associated questions and 
prompts available on several cards. The prompts may be used to encourage more information from 
the participant. It is a useful practice to take notes during the interview even as it is being recorded 
(Robson, 2011). The key benefits of using this method are: 
• It is very suitable for the exploration of perceptions and opinions of respondents in the case 
of complex and sensitive issues, enabling prompts for more information and clarification of 
answers  
• Secondly, the diverse professional, educational and personal background of the same 
group precludes the use of a standardised interview sequence. 
 Survey questionnaire 
Surveys are common research tools often deployed to understand views and opinions otherwise 
cannot be determined experimentally in the laboratory. Individuals have been made to take part in 
surveys seeking to know brands of products, how they wish to vote in an election or rate the 
performance of their government (Robson, 2011).  According to Robson (2011), it is not easy to give 
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a concise definition but because surveys are common everywhere many people have good common 
sense knowledge of the term. 
Surveys can be performed through interviews, questionnaires and telephone. It is the research 
strategy of obtaining information from target individuals. However, the form, the typical central 
features include: 
• Fixed quantitative design 
• A standardised form for collection of small amount of data from a considerably large 
number of individuals 
• Selection of a representative sample of individuals from a specified population 
The main benefits of survey questionnaires include 
• Simple and direct approach to the study of value, beliefs, perceptions, attitudes and 
motives 
• Makes retrieving information about the past from easy from a large set of population 
• Could be tremendously resourceful at providing a large amount of data cheaply 
• Participants can remain anonymous  
However, the limitations can be in the form of 
• Low response rate  
• Lack of clarity and misunderstanding of the survey questions may not be easily identified 
• Participants may not treat the survey as seriously as required without being identified 
  The PRISM: Pictorial Representation of Illness Self-Measure 
The PRISM is a simple qualitative technique developed to quantify the self-measurement of illness 
and the relative effectiveness of different treatments from the perspective of the individual bearing 
the burden of the illness. 
In this technique, individuals identify how important specific factors (represented by red discs) are 
to them. The individual (referred to as self) is represented by a yellow disc, as shown in Figure 2.5. 
The red discs are placed close to the yellow disc if the factor is important and far from the yellow 
disc if the factor is of less importance. In other words, the further red disc is from the yellow disc; 
the less important will be the factor being assessed. 
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Figure 2.8 the PRISM board 
 
This technique can be adapted to research the perception of individuals on wide range of other 
issues like perception of natural hazards (Parham et al., 2015), in hospital practice to assess patients 
perception of sickness and treatment (Abbott, Caughley, & Douwes, 2007)  and in the case of this 
research project, perception of drinking water quality, Figure 2.6 gives an idea of what the PRISM 
tool can be used for. 
 
Figure 2.9 Examples of perception issues that can be examined using PRISM 
In their study involving 308 adult patients, Imteaz et al. (2016) used the PRISM technique to 
evaluate the perceived burden of illness in diabetes patients. Similarly, Iftekhar et al. (2016) used 
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the PRISM technique to assess suffering in individuals with illness to presenting the technique as a 
simple quantitative method of assessing the perceived burden of suffering due to illness. The study 
involved 700 patients with varying chronic physical ill health conditions. Also, Rahman et al. (2016) 
used the PRISM technique to measure the suffering of pain by non-cancer patients. The study was 
conducted with 138 patients from two hospital pain clinics for 10 weeks. A short questionnaire was 
used to validate the scores obtained from PRISM.  
Reliability: according to Büchi et al. (2002) the reliability of the PRISM is good, with a test-retest  
reliability r = 0.95; p ≤ 0.001 and interpretation reliability r = 0.79; p≤ 0.001.The interpretation of 
the PRISM task was found to be consistent among the participating patients as Well as existing 
literature on suffering. Furthermore, it was very acceptable to patients and could be performed 
within 5 minutes.  Several other studies (Kassardjian et al., 2008; Kok et al., 2017; Peter et al., 2016) 
have also indicated that PRISM is effective, easy to understand and time-saving.   
However, the use, interpretation and the results of the PRISM should have adopted with a little 
caution as the angle of inclination of the discs when place on the board is yet to be fully interpreted 
with longitudinal distances measured.  
The PRISM task has been published as an app, iPRISM, for iPhone and iPad by Quantum Toast and 
is currently available on the IOS store, see screenshot in Figure 2.7. The copyright (2010) is held by 
the developer, Johns and Stremplat Limited. According to the developer, iPRISM measures aspects 
of an issue in terms of distance and spatial coordinates to one’s self as Well as helps to make the 
relationship to various aspects of issues easier to ascertain, tangible and conscious.   
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Figure 2.10 i-PRISM screen before a survey 
2.9.4.1 How it works 
The iPRISM is created to solve the problem of having to express specific vital issues exclusively with 
words. Instead, it expresses a relation to an issue of spatial distances from a person. For example, 
linguistic valuations such as “what is expected”, “what is right”, “what is good?” take a subordinate 
role. This is replaced by a focus on spatial arrangement (such as, “is it closer to me” and “is it further 
from me”) representing aspects of an issue (Figueras et al., 2010). 
2.9.4.2 The benefits 
The iPRISM operates in a way  
• free of language demands 
• culture free  
• operates with a swipe of the finger and the respondents seem to be in control,  
• that boosts personal competence in the ability to contemplate issues widely 
• that can measure distances that correspond to specific frontal lobe activity according to 
neuro-scientific studies  
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Another positive attribute of iPRISM is its ability to be customised making it possible for the 
administrator to adapt iPRISM to specific requirements. To do that the following questions need to 
be answered 
• What relevant matter do I wish to reflect upon (white surface?) 
• What question do I have exactly? 
• Which aspects of this matter do I want to set in relation to me and to each other? 
• Positioning and moving the coloured discs helps to reveal motivations and interests 
2.9.4.3 Formulating the questions 
The aspects of the issue to assessed are spatially located in relation to the yellow disc. The question 
must implicitly or explicitly suggest a statement about the spatial distance of an aspect to this 
reference point. The questions should be asked in a way that allows the coloured discs to be placed 
on a white field (sample questions; what role does aspect A play for me? How important is aspect 
B to me?). 
Whereas other coloured discs can be moved, the yellow disc cannot be moved because it is the 
fixed reference point from which measurement is taken. However, the frame of reference (white 
surface) and the selected thematic aspects (represented by the coloured discs) can be variably 
configured based on the question at hand. 
Individual aspects can be assigned different disc colours, for instance, red= illness, yellow = risk, 
black =loss, purple= hope and white=chance. The yellow disc could represent the self of an 
individual taking the survey and the character of the person like “knowledge”. Incidentally, the 
coloured discs are nine in number and this aimed for an improved overview, easy use and user-
friendliness (Figueras et al., 2010). The connecting factor between these studies and this research 
study is the measurement of an abstract attribute, perception, details of which are presented in 
chapter 3. 
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CHAPTER THREE 
3  Research Strategy 
This chapter presents an overview of the strategy for achieving the aim and objectives of this 
research.  
The strategy for the research is a combination of social and technical research perspectives, 
methods and quantitative analysis. Consequently, both quantitative and qualitative approaches 
have been adopted converging in an inductive research method as defined by (Neuman, 2006; 
Tiwari et al., 2016). Figure 3.1 presents an outline of the methodology adopted for this research.  
 
 
Figure 3.1 Methodology outline 
End users in local 
community using PRISM  
Healthcare/water 
professionals using 
questionnaire
perception score
Microbiological 
Test
QHRA- Using FC-
pathogen ratio and 
Arsenic concentration =
DALYs score
Develop index for grading and monitoring water 
quality- focus on Rainwater 
Metal detection 
[ICP-MS]
Physical Test
Turbidity
Surveys: Water quality perceptions 
Methodology
Chemical Test
Conductivity
Sanitary Inspection 
(SI) of water 
sources = SI scores
Measurements: Water samples from 
different sources and lab analysis
Membrane 
filtration; FC & TC
PH
38 
 
Three key data collection programs formed the cardinal points of the adopted methodology, 
measurements, surveys and sanitary inspection. The variables from these aspects were simplified 
and integrated into a health risk index (HRI) 
3.1 Surveys 
This program consists of water quality perception surveys conducted using various modes, survey 
questionnaire and PRISM administered with the iPRISM app (a perception survey app for IOS 
devices).  The surveys were designed to capture the choice of drinking water source based on the 
quality perception among the consumers in the communities and water/health professionals. The 
underlying information to be extracted from the survey (PRISM) is the likelihood of consumption of 
water from the difference water sources within the study community. This information will be a 
parameter in the formation of the HRI.  Details of data collection and results are presented in 
chapter 4 
3.2 Sanitary inspection (SI) 
This program was incorporated to effectively assess and identify risk factors and potential risks to 
contamination of rainwater harvesting systems. The sanitary inspections were conducted to fulfil 
part of the first objective of this research using the WHO SI methodology and form. A review of the 
existing WHO SI method and form for RWH systems was performed and suggestion of 
improvements were made resulting in the development of a revised SI methodology and form 
deemed to be more robust and inclusive than the WHO’s. The outcome of this program is presented 
in chapter 5 
3.3 Measurements  
In this programme, water samples were collected from selected drinking water sources and 
subjected to technical tests as part of quantitative health risk assessment procedure in fulfilment 
of the first objective of this research and presented in chapter 6 
• Physical test; in which the turbidity of the water samples was obtained 
• Chemical tests; covering conductivity, metal detection (using ICP-MS) and pH   
• Microbiological tests; covering total and faecal coliforms count using the field kit 
PAQUALAB 50. Also, samples were collected for a polymerised chain reaction (PCR) analysis 
for identification and enumeration of microbial pathogens (campylobacter, giardia lamblia 
and salmonella) 
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3.4 Quantitative health risk assessment QHRA 
The QHRA is the calculation of the burden of disease associated with contaminants found in the 
drinking water samples. In this study disease burden from arsenic contamination and FC 
contamination were calculated and the outcome expressed in DALYs. This fulfils the first objective 
of this research. Details of the procedure and outcomes of QHRA are presented in chapter 7. 
3.5 Health risk index (HRI) 
The HRI is a factor of results from three parameters, QHRA, SI and perception survey that gives a 
single number which summaries the health risk of the water sample tested. This is the fulfilment of 
the third objective of this research. Details of the calculations and outcomes are presented in 
chapter 8. Conclusion and recommendations based on the results of the data analysis carried out 
in this research are presented in chapter 9. 
The next sections present the locations where data were collected and how the data were 
presented and analysed. 
3.6 The study area 
Enugu is a southeastern state in Nigeria and has a population of about 3.3 million. Enugu shares 
borders in the northeast with Benue state and Northwest with Kogi state. It could be described as 
the gateway of the southeast to the northern part of Nigeria (Knappett et al., 2016).  
Neke, a rural community is in Isi-Uzo local government area of Enugu state Nigeria sitting on 
geographic coordinates of 6.73987, 7.65552 Figure 3.2.  
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Figure 3.2 Neke Community in Enugu state Nigeria [Google maps] 
This region combines the rain forest vegetation dominant in the southeast and the Sahel savannah 
prevalent in northern Nigeria. According to the national population commission, Neke community 
has an estimated population of 24,522. The adults combine farming with petty trading. Farming is 
a tradition as Well as an occupation for many in this community and is common in Enugu state 
(Ozor et al., 2011). This region has an average annual rainfall of 1800mm observed over a period of 
25 years as shown in Figure 3.3 and approximately six months of dry weather and six months of wet 
weather as shown in Figure 3.4. The rainfall data presented were observed at the Enugu state 
university of science and technology metrological centre. 
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Figure 3.3 Enugu rainfall data showing annual rainfall 
 
 
Figure 3.4 Enugu rainfall data Jan 1991 - Sept 2016 showing monthly variations 
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A department for international development (DFID) state and local government program report 
(Dfid-Slgp, 2013) indicates that about 53% of the rural population in Enugu state do not have 
access to improved drinking water. A primary site investigation indicated that the poor drinking 
water supply situation was prevalent in Neke, Enugu at the start of this research. People were 
observed going obtaining drinking water murky Streams and unsecured shallow Wells whereas 
others have one form RWH systems or the other. Verbal interactions with some community 
leaders highlighted concerns and dilemma about the quality drinking water available to the 
member of the community. These expressed concerns and the willingness of the people 
(especially RWH tank owners) interacted with to take part in the research informed the choice of 
Neke community for this research. See Figure 3.5 
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Figure 3.5 Map location of drinking water sample sources in Neke, Enugu 
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To achieve the first objective of this research study, two Streams, two Wells and fifteen RWH 
systems were selected (as in Figure 3.9). 
The Streams were selected based on the following factors 
• The observed frequency of use 
• The observed age range of users 
• Water use (both observed and expressed during interaction with the people) 
 
 
Figure 3.6 Stream 2 showing washing and manual sand dredging 
The Streams are located on the outskirts of Neke community along the boundary with neighbouring 
communities. Streams 1 and 2 are about 30-40mins walk apart.  Some of the activities observed at 
the Stream include washing clothes, cars, motorbikes, bathing, swimming and manual sand 
dredging.  
Similarly, the Wells were selected based on  
• The observed frequency of use 
• Number of households relying on it (at least two) 
• Consent of the users (verbal during interaction) 
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Water is collected from the Wells using a locally made bucket with a string attached, lowered into 
the Well to collect water and the content is emptied into a standby water container and taken to 
the household for use. The Wells are often covered, but the covers do not provide full coverage of 
the Well opening. 
 
The RWH systems were selected based on 
• Size of the storage tank (big, medium, small) 
• The material of the tank (plastic, metal and concrete/masonry) 
• Consent of the owner (sort verbal during interaction) 
• use of the water obtained (as expressed by the owners, for example, drinking and cooking) 
The RWH systems selected were in constant use. 
Figure 3.7,  Figure 3.8and Figure 3.9 presents the selected drinking water sources in pictures and 
the location of the sources on the map in Figure 3.5. Water samples were collected from these 
sources for analysis, and sanitary inspection was also performed in detail of both are presented in 
chapters 5 and 6 respectively. 
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Stream 1 Stream 2 
  
Well 1 Well 2 
Figure 3.7 (a) Drinking water sources 
 
                    
Tank 1 Tank 2 Tank 3 
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Tank 4 Tank 5 Tank 6 
   
Tank 7 Tank 8 Tank 9 
Figure 3.8 (b) Drinking water sources 
 
 
 
                    
 
Tank 10 Tank 11 Tank 12 
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Tank 13 Tank 14 Tank 15 
Figure 3.9: (c) Drinking water sources 
 
3.7 Fieldwork strategy 
The data collection activities of this research were performed in two phases of fieldwork.  
The Fieldwork-1 was the initial plans for the study. However, experiences from Fieldwork-1 
informed the planning and execution of Fieldwork-2. Therefore, Fieldwork-2 featured changes to 
data collection methods most suitable for the research strategy. 
 Fieldwork-1 
The main activities planned for Fieldwork-1 and the methods for each with comments are 
presented in Table 3.1.  
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Table 3.1 Planned activities and methods of Fieldwork-1 
Activities  Method Comments 
Sanitary inspection (SI) of drinking 
water sample sources 
Using WHO SI method and 
form. Photo shots of the site 
to compliment on-site 
observation. 
SI form needed to be revised to 
make fit for observed site 
circumstances. (review required) 
Microbiological tests (FC and TC 
count) 
 
Membrane filtration using 
field kit PAQUALAB 50 KIT  
Due to equipment breakdown 
samples were taken to state water 
corporation lab for test and the 
technique used by the lab is 
multiple tube fermentation and 
MPN for TC only. FC-
absence/presence test only (review 
required)  
Campylobacter and salmonella 
RNAlater 50 ml, 4 sample 
tubes to take 2 ml water 
Samples were collected, but tests 
could not be performed due to lack 
of lab facilities for the test (change 
of plan required) 
PH, Conductivity, Temperature 
Eutechs PCTestr 35 [All -in- 
one equipment] 
Test carried out as planned 
Turbidity 
TN-100/T-100 (Portable 
Turbidimeter) 
Test carried out as planned 
   
Metals 
ICP-MS, Agilent 7500ce 
Filters/syringes and sample 
tubes 
15ml of water samples extracted 
with filters/syringes and preserved 
in sample tubes with few drops of 
hydrochloric acid 
Water quality perception survey  
 end-users (in Neke community) 
 water professionals 
Using a focus group interview 
and Semi structured interview 
The surveys were conducted but 
the data obtained could not fit into 
the quantitative format of the 
technical aspects (review required) 
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 Fieldwork-2  
Fieldwork-1 processes were reviewed with respect to the observations stated in the comment 
column of Table 3.1. The data collection plan remained relatively the same, but the methods were 
varied to allow for quantitative analysis of the data obtained. This ensured uniformity in the type 
of data analysis for both the technical and the social aspects of the data collection plan. Details of 
Fieldwork-2 activities  
Table 3.2 Data collection activities of Fieldwork-2 
Activities  Method Comments 
Sanitary inspection (SI) of drinking 
water sample sources 
Using revised SI Method and 
form (RWH systems only) as 
Well as WHO SI method and 
form.  Photo shots of the site 
to compliment on-site 
observation. 
The WHO SI method was revised, 
and a new form was developed for 
RWH systems. 
Details are presented in chapter 5  
Microbiological tests (FC and TC 
count) 
 
Membrane filtration using 
field kit PAQUALAB 50 KIT  
Tests were performed using the 
planned method. Details are in 
chapter 6 
PH, Conductivity, Temperature 
Eutechs PCTestr 35 [All -in- 
one equipment] 
Test carried out as planned 
Turbidity 
TN-100/T-100 (Portable 
Turbidimeter) 
Test carried out as planned 
   
Metals 
ICP-MS, Agilent 7500ce, 
Filters/syringes and sample 
tubes 
15ml of water samples extracted 
with filters/syringes and 
preserved in sample tubes with 
few drops of hydrochloric acid 
Water quality perception survey  
- end-users (in Neke 
community) 
- water professionals 
Using PRISM method 
(iPRISM) and survey 
questionnaire (Likert scale) 
Data obtained were able to be 
interpreted in numbers. Details 
are presented in chapter 4 
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3.8 Data presentation and statistical analysis 
Physicochemical parameters: The results of the tests for conductivity, turbidity and pH were 
presented in boxplot format and time series plot with results from tanks, Streams and Wells 
incorporated on the same plot for easy comparison. The box plot format is a graphical 
representation of key values, i.e. interquartile range and median values in box format. Box plot 
gives a quick view of all the data distribution and statistics without recourse to the full statistical 
calculations.  The WHO guidance values and in some cases against EU and UK drinking water 
standards were indicated in most the plot to show whether the results below are or above the set 
standards or guidance values. 
The Spearman’s ranking correlation analysis was used to explore the correlation of the parameters 
and results obtained from metal detection and microbial tests. The data distribution that could be 
described as not being normally distributed informed the choice of spearman’s ranking correlation 
analysis for the data set. 
Metal detection: The results of metal detection for the water samples from the tanks, Streams and 
Wells were similarly presented in a boxplot and were also compared against WHO guidance value 
for the presence of each of the metals in drinking water. Also, a spearman’s rank correlation analysis 
was for Al, Fe, Zn (selected to represent the metals as other metals were either below the limit of 
detection or of concentration unlikely to be of any health concerns)  vs turbidity, pH, conductivity 
was performed to establish any possible correlation among the parameters stated.  
Microbiological tests: The results from the total and faecal coliform tests were also presented in a 
boxplot for reasons explained earlier in this section, and it also gives a clear and instant visual 
representation of the varying elements of the plot.   Results from the three categories of water 
sources, tanks, Streams and Wells were all incorporated into the same plot enabling a visual 
comparison of the results. For a reason already stated Spearman’s ranking correlation analysis was 
performed between FC and TC for samples from all three sources. 
Water quality perception survey: Similar results from the perception surveys were presented 
mainly with box plots and Kruskal Wallis test to explore possible correlation among most aspects 
of the results obtained. Details of the results from all the analysis performed and discussions are 
presented in the results and discussion section of each chapter. 
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CHAPTER 4 
4 Understanding perceptions of drinking water quality 
4.1 Introduction 
The second objective of this study is to establish the perception of drinking water quality by two 
important stakeholders in drinking water supply and consumption, 
• professionals (health and water professionals) 
• drinking water consumers in the rural community (end users) 
This chapter presents the methods adopted in gathering water quality perception information from 
the stated stakeholders and the data obtained. Also, the data analysis and conclusions drawn are 
presented. 
The professionals’ responses are based on their work experience and interaction with consumers 
while the end users’ (drinking water users in the local community) were expected to respond based 
on their personal experiences with drinking water from various sources. Since there are two 
Streams and two Wells in the community that many families rely on. 
The questions asked in the surveys were aimed to establish, 
• how the professionals and end users determine drinking water quality, 
• what are their experiences with rainwater harvesting (RWH) for drinking?  
• what are their preferred choice of drinking water source and why? 
As a precondition to completing the surveys, the consent of the participants/respondents was 
sought in all the surveys. Some participants affirmed by signing the participant consent form, 
Appendix 3, while others did not want their name or signature on record for personal reasons but 
were however very willing to take part in the survey after giving verbal consent. Their decisions 
were respected, and in most cases, the participants were talked through the survey forms in other 
to help them understand the purpose and context of the survey. The research team was on hand 
to give clarification where needed, and all the respondents were happy to complete the survey and 
hand it straight back to the research team instead of keeping it longer than necessary. 
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4.2 Survey Methods 
To obtained water quality perception data, the survey methods in Table 4.1 were utilised,  
Table 4.1 Summary of surveys performed 
Survey Participating group Research stage Type of data output 
Focus group 
interview 
End users  Fieldwork -1 qualitative 
Semi-structured 
interview 
Water professionals Fieldwork-1 qualitative 
i-PRSM App Water users in the 
local community 
Fieldwork-2 quantitative 
Survey questionnaire Water and health 
professionals 
Fieldwork-2 quantitative 
 
4.3 Initial qualitative surveys 
The focus group and semi-structured interviews were exploratory investigations that formed the 
basis for undertaking another data collection using survey questionnaire and i-PRISM App 
 Focus Group Survey  
The focus group in this research comprises of end users (local people) in Neke community who were 
directly involved with water supply activities like rainwater harvesting. Twenty-two participants 
including youths, adults, men and women were involved. See Table 4.2. The participants were 
selected based on gender and age instead of stratified random sampling due to time and cost 
constraints. However, the aim to obtain diverse views on the subject of discussion. The age 
classification was adult and youths as participants were not open to disclosing their age. The 
discussion was held in the living room of one of the community leaders so that participants are 
relaxed for a meaningful discussion. 
Table 4.2 Focus group demography 
 Adult Youth 
Male 3 4 
Female 10 5 
The group was coordinated to respond to the some of the following prompts: 
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• Experience with harvesting and drinking rainwater  
• Preferences of drinking water source  
• Thoughts about the quality of drinking water from various sources 
• What the choice of drinking will be if given water from harvested rain, Stream and Well 
The proceedings were voice and video recorded. 
 Semi-structured Interview 
The semi-structured interview was utilised herein to explore freely expressed personalised views 
on drinking water quality with a focus on rainwater. The response being sought through the 
interview is that based on technical and field experience (conducting water quality tests in the 
laboratory or during fieldwork or managing drinking water projects). Therefore, water professionals 
were targeted for the interview sessions. The interview was designed to understand the thinking of 
the water professionals and see how that differs from that the local people obtained through a 
focus group.  
Whereas the local people are very familiar with colour, taste and smell of the drinking water, they 
may not be familiar with microbiological and chemical aspects of the water they are drinking due 
level of education and technical knowledge. Hence the need to explore the drinking water quality 
perception of professionals based on their technical and personal experience. 
A total of nine interviews were conducted. The participants were selected from government 
agencies and non-governmental organisations (NGOs) to get good coverage of the possible 
perception blocks from the within the study area. Six of the nine participants are the staff of the 
Enugu state water corporation, working at the quality control laboratory, two works for a non-
governmental organisation (NGO), WaterAid as program coordinators and one is a community 
leader for Neke. 
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The interviews were conducted in English and this limited the number of people who were 
capable of participation. All interviews were video recorded, lasting between 20 to 30 minutes 
and the participants were presented with several questions including: 
• Have you ever drunk rainwater? 
• How was your experience with drinking rainwater? 
• What else do you use rainwater for? 
• Do you have any rainwater harvesting system in your home? 
• In your opinion, do many people drink rainwater? 
• Which of these other drinking water sources do you use? pipe borne water, borehole, 
Shallow Well, Stream/river 
• Using scale 1-5, how would you determine the quality of the drinking water you get 
irrespective of the source? (5 = highest priority - 1 = least priority) … 
 
4.4 Quantitative surveys 
 Survey questionnaire 
In furtherance of the research, a perception survey questionnaire was designed to understand the 
drinking water quality perception of professionals in the water industry and healthcare sector.  
The questionnaire was designed for quantitative analysis of the data obtained meaning that it can 
be expressed in numeric terms in line with all other data obtained from physicochemical and 
microbiological tests. The approach allows the correlation of results from the laboratory tests with 
the perception surveys.  The questions were to be responded to using a Likert scale with provisions 
for additional response where necessary as shown in Figure 4.1. 
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Figure 4.1  A section of the survey questionnaire 
The questionnaire has eight key questions deemed easy to understand and respond to. The 
exploratory information obtained from the semi-structured interviews informed the development 
of these questions probed into two critical specifics: 
• the basis for likely recommendation of a drinking water source 
• rating of various drinking water sources based on specified criteria 
See appendix 4 for full details of the questionnaire. 
Participants were drawn from three health care facilities and the state water corporation (quality 
control laboratory). These facilities were selected because they hold the target participants, 
professionals whose jobs range from drinking water quality tests and monitoring to the 
management of the healthcare of people who might have been affected by poor quality drinking 
water. The number of participants was 25 selected among the senior and junior staff of the 
institutions were this survey carried out as shown in Table 4.3.  
Table 4.3 Survey participants 
 Senior staff Junior staff 
Water Professionals 5 12 
Heath professional 3 5 
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Correlation analysis and Kruskal-Wallis test were performed on the results obtained were using 
Minitab software (v17). This because the data sets were not normal distributed and as such non-
parametric tests were performed to explore the data. The output is presented in section 4.5.2  
 PRISM: Pictorial Representation of Illness Self-measure  
The PRISM task, as described in section 2.9.4, was performed during fieldwork-2. The participants 
were introduced to the iPRISM app, an A4 sized grey/white background with a yellow disc, which is 
positioned on the bottom right-hand corner of the app. Then each participant was asked to imagine 
the entire grey background of the app is their drinking water habits, and the yellow disc represents 
his/her person. They are shown the green disc (and other coloured discs representing different 
criteria) asked to imagine that the disc represents the colour/clarity of drinking water and to move 
the discs to a location on the app space relative to ‘self’ disc that best describes how each of the 
criteria on the discs influence their choice of a drinking water source.  
• Colour (green disc) 
• Smell (blue disc) 
• Taste (red disc) 
• Professional advice (orange disc) 
In this survey, the colour of the discs has no implications with respect to the question asked or the 
criteria represented by the discs. 
Similarly, the participants were asked to use the app to rate the different drinking water sources by 
placing the discs, representing different drinking water sources, as close to the yellow disc as they 
wish. The closeness of the discs to yellow disc represents the order of choice of drinking water 
source based on perceived quality  
• Rainwater (orange disc) 
• Borehole (purple disc) 
• River (grey disc) 
• Well (black disc) 
Participants were adults selected from the local community mostly within households where water 
samples were collected for testing. It is a one to one on the spot survey, and the participants were 
able to understand the procedure once the visuals were explained. Once the survey is completed 
resulted are saved and upload into a computer, the data was saved as a Microsoft Excel file. The 
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positions of the discs are expressed as distance in centimetres from the yellow disc see Table 4.4. 
The data can then be formatted for analysis. 
Table 4.4 Example of data from PRISM 
 
 
 
 
 
4.5 Results and Discussion 
 Focus group survey and Semi-structured interview 
The data generated by these two surveys could not fit into the quantitative approach of the 
technical aspects of this research study and as such the information was not utilised as initially 
anticipated. The challenge prompted a change of strategy in obtaining the same information but in 
a way that the information can be interpreted directly into numbers. Resulting in the development 
of the survey questionnaire described in section 4.4.1 and the use of the interactive app iPRISM 
described in section 2.9.4 
However, an informal analysis of the information obtained from the focus group study shows the 
group having a good discussion of which drinking water source in the community was the best,  
Stream (or river as they called it), Wells (which are shallow Wells) or rainwater.  
Apparently, from the discussions, water from the different sources are used for different purposes. 
Generally, rainwater is mainly for drinking and cooking, the Stream is for washing but serves as 
drinking during the dry season with a bit of treatment (for those that can afford it) with alum makes 
the water clear(by trapping suspended solids which settles at the bottom). Water from the Well is 
for washing (laundry and other washing needs). There were discussions on the need for 
government to come to their aid with respect to drinking water provision. 
The data from the semi-structured interview conducted with water professionals indicates a strong 
recognition among all the participants of rainwater harvest as a potentially reliable source of 
drinking water for the rural communities. Many wondered why government authorities seemed 
not to recognise same. However, many indicated they rely mainly on packaged water for drinking 
Participant Magnet Label Distance 
A 
Red Taste 13.53 
blue smell 11.46 
green Colour/clarity 5.97 
Orange Professional advice 8.77 
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and another water source for cooking and washing up. It could be noticed from their expressions 
that drinking of rainwater is for those who cannot afford the alternatives 
5 Sanitary Inspection of drinking water sources 
5.1 Introduction 
The World Health Organisation set out the guidelines for the performance of sanitary inspection, in 
volume 3 of the guidance for drinking water quality. Initial fieldwork as part of a water quality study 
for this study indicated that the “yes” and” no” sanitary inspection form and approach adopted in 
the Guidelines may not be adequate for the rainwater harvesting (RWH) and storage facilities found 
on site. An alternative sanitary inspection approach and form for a rainwater harvesting system was 
designed to make it more robust in capturing sanitary health risks by looking at the various 
contamination pathways and utilising weighted sums of the risks posed by various elements of the 
rainwater harvesting system. This new approach and form were used in second fieldwork for the 
RWH and storage facilities and the WHO’s approach, and form was used for the Streams and Well 
drinking water sources. 
The new form has a series of weighted categories that are based on a source-pathway-receptor 
concept. The concept ensured a more detailed risk assessment of the rainwater harvesting system 
elements and providing insight into the severity/extent of the risks. The revised sanitary inspection 
form provides more detailed assessment than that of WHO because of the approach adopted in the 
design. 
 Background 
Sanitary inspection (SI) of water supply sources has been recognised as an important activity aimed 
at identifying practices, devices and conditions that pose an actual or potential risk to health and 
Well-being of individual consumers (Who, 1997). The task involves a rigorous physical observation 
to identify sources of pollution as Well as any inadequacies within the water supply system.  
According to Greaves et al. (2011), sanitary inspection can identify faults and deficiencies that are 
capable of contaminating safe drinking water.  
Several studies involving SI have been published and the methods used are usually based on hazard 
identification (Cronin et al., 2006; Giannoulis et al., 2005; Islam et al., 2011; Lloyd et al., 1991; 
Michael, 2015). The specific SI forms used are mostly adopted from the popular and widely 
accepted format of the World Health Organisation (WHO) which sets out guidelines for the 
performance of a sanitary inspection of drinking water sources. The guidelines for the sanitary 
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inspection are presented in a form which has a “yes” and “no” to risk response to the identified 
hazards for each drinking water facility (Who, 1997) as shown in figures 1a and 1b.  
In the WHO SI form, the maximum possible total risk score is 10, but scores are classified as, 
9-10: very high, 
6-8: high, 
3-5: intermediate, 
0-2: low, (Who, 1997) 
 
  
a. Pictorial representation of 
sanitary issues 
b. Checklist of sanitary issues 
Figure 5.1 Section of WHOs SI form (Who, 1997) 
Initial use of this form as part of a water quality study revealed several shortcomings. 
• Some sanitary risks identified on site could not be recorded with the WHO’s SI form 
• The form lacks the sensitivity to deal with the level of sanitary non-conformity with respect 
to the extent and type of contaminants 
• The form seems to emphasise the environmental factors around the water supply system 
while downplaying the more direct pathway from the roof catchment to inside the storage 
tank 
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• Water storage tanks made of materials such as PVC and metal as Well as underground 
water storage tanks were not Well represented 
Table 1 lists the factors, known as “diagnostic information”, covered by the WHO form, and shows 
the identified sanitary risks found on-site, commenting on the applicability of the WHO form to 
those issues. These observations seem to weaken the ability of the WHO SI form to conform to  
WHO’s principle of a holistic approach to the risk assessment and risk management of a drinking 
water supply (Murray, C. J. L. et al., 1997). 
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Table 5.1 issues identified on site 
 
Diagnostic information in WHO SI 
Form 
Found on-site Comments 
Is there any visible contamination of 
the roof catchment area (plants, dirt, 
or excreta)? 
Rusty roofs, very extensive for 
some and minimal in some cases, 
dusty roofs especially after a dry 
spell. 
Recording the extent/severity of the 
contaminants is necessary 
Are the guttering channels that collect 
water dirty? 
No gutters at some facilities Some have no gutters installed, some 
gutters are very dirty, and some others 
are not 
Is there any deficiency in the filter box 
at the tank inlet (e.g. lacks fine 
gravel)? 
No filter box recorded except for 
plastic mesh on some PVC tanks 
There are other filter types for 
instance plastic mesh or metal mesh 
Is there any other point of entry to the 
tank that is not properly covered? 
Most tanks have one inlet and 
overflow outlet 
 
Is there any defect in the walls or top 
of the tank (e.g. cracks) that could let 
water in? 
Applicable on site Defects could be holes or a patch 
(repaired portion). 
Depends on the material the tank is 
made of. 
Is the tap leaking or otherwise 
defective? 
Applicable on site 
 
Leaking tap could get rusty and 
adhesive material from the tap head 
could cause secondary contamination 
Is the concrete floor under the tap 
defective or dirty? 
Only natural ground found on site, 
though other means of raising 
tanks were found 
No concrete flooring found on site. 
Is the water collection area 
inadequately drained? 
Applicable on site   
Is there any source of pollution around 
the tank or water collection area (e.g. 
excreta)? 
Applicable on site   
Is a bucket in use and left in a place 
where it may become contaminated? 
Applicable on site Cups and plastic jerry cans also used to 
collect water. 
Not provided for Visible contaminants inside the 
tank 
 
Not provided for Tank inlet covered or uncovered Often left open 
Not provided for Tanks on elevated platforms  Platforms made of either metal or 
block work. Could reduce the risk of 
contamination from natural ground.  
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In response to the issues identified, a revised (SI) method was devised. This revised SI method 
reflects the sanitary risks that are missing from the WHO SI form and also considers the 
severity/extent of each sanitary risk factor and adds a weighting for each factor rather than having 
everything equally weighted.  
5.2 The sanitary inspection processes 
This section presents details of the development of the new SI method and form which was used 
the RWH systems. SI for the Stream and Well sources were performed using the WHO SI forms.   
 Categories used in the analysis 
The new SI form has nine detailed diagnostic information categories designed to explore each 
component of the RWH system for potential sanitary risks. Each category has several factors as Well 
as a write-in “other” factor, which may be filled in by the surveyor. The categories and factors are 
listed in Table 5.2. Each factor identified is also given a score based on the extent and has been 
given a weight resulting from a survey of RWH experts. The sanitary inspection is completed by 
aggregating the scores and weightings into a total risk score for each category. The categories 
scores are then used in a pathway-based model to determine an overall score for the RWH system. 
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Table 5.2: Factors and categories covered by the SI 
Categories Factors 
Contaminants on the roof 
catchment area 
Rust, plant matter, excreta (from rodents, small reptiles or 
birds flying over the roof), animals on the roof, trees within 
5 m of the roof, birds nesting  
Contaminants in the guttering 
channels 
Rust, plant matter, excreta 
Contaminants in the storage tank Rust, plant matter, excreta, stones/pebbles, small dead 
animals 
Contamination sources within 5 m 
of tank outlet and water collection 
area 
Excreta, plant matter, animals, overhanging trees 
Type and condition of the water 
filter 
Types: sand, cloth, metal, plastic, first-flush. 
Condition: good, fair, poor 
Type and condition of the cover to 
the tank access and overflow 
screen 
Cover Fit: good, poor 
Screen condition: good, fair, poor 
Defects on the wall or top of the 
tank 
Crack, Hole, Patch 
water collection points/tank 
outlet 
Tap in the dWelling, Pumped outlet, Tap at the bottom of the 
tank, Water collected by dipping from the access 
The finish of the outlet 
surroundings 
Concrete, Mortar, Natural ground 
 
The Categories are presented in an order that facilitates an orderly inspection, e.g. Roof, Gutters, 
Inlet filters, Inside of the tank, Tank condition,  
Accumulation of rust can affect the colour, taste and turbidity of the water (Who, 2011) in the tank. 
All other listed factors can transmit either microbial or chemical contaminant into the water which 
can be passed on to the user who drinks the water without appropriate treatment. The sources of 
contamination from this path is labelled (St). Excreta from pets and animals lying around can find 
their way into the collection vessel by the mere careless handling of the vessels. Unwashed 
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collection vessel may contain contaminants from any of the listed factors. These factors are 
identified and recorded during the inspection and are labelled (Se) in the SI form.  
 The weightings for scores 
To decide appropriate weighting for the sanitary risk factors, a survey was designed aimed at 
generating the appropriate weighting values for the identified sanitary risk factors. The survey was 
sent out to 11 experts, 4 of them with background and knowledge in water quality (WQ), 7 in 
rainwater harvesting (RWH), 6 working within the academia and 5 working within NGOs. 5 of the 
experts work mostly low income, 4 in high income and 2 in low/medium income countries.  
In the survey form, participants were presented with several risk factors in the following categories, 
• Contaminant sources on the roof 
• Contaminant sources in gutters 
• Contaminant sources inside the tank 
• Contaminant sources within 5m of the tank (inlet, outlet access cover or overflow) 
• Barriers to contamination (filters at the inlet, tanks access, tank outlet and outlet 
surroundings) 
• Defects in the storage tank (crack, hole and patch) 
The survey requested that they provide ratings for the risk factors associated with these categories 
as detailed in the survey form. The ratings were provided based on likelihood and severity of the 
risks factors as Well as the availability, condition and effectiveness of the barriers to contamination 
using a Likert scale. Details of the survey form and survey data are in appendix 5.1 and 5.2, and the 
process is described further in section  
 The expert survey 
To determine an appropriate weighting for the source factors, barrier effectiveness and scores for 
barrier sources and defects, a survey was carried-out. The survey was sent out to 11 experts with 
knowledge of rainwater harvesting and publication histories writing about rainwater harvesting 
systems. The survey aimed to capture geographical scope, in terms of high, medium and low-
income countries and to gain opinions from both academics and practitioners, primarily working 
for non-governmental organisations (NGOs). Potential respondents were asked to complete an 
online form asking them to rank potential contamination sources for severity and likelihood of 
consumption. They were also asked to rate potential barriers along the pathway of contamination 
for barrier effectiveness and potential for the barrier to be a source of contamination. Finally, 
they were asked about the potential of tank defects and water withdrawal arrangements to add 
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to contamination. Of the 11 experts that received the survey, 8 responded, and their background 
is shown in Table 5.3 
Table 5.3 Respondent’s background 
Country Focus Expertise Sector 
Low income Rainwater harvesting Academic 
Low income Rainwater harvesting Academic 
Low income Rainwater harvesting NGO 
Low income Rainwater harvesting NGO/Regulator 
Low/medium income Rainwater harvesting & Water quality NGO 
Medium income Rainwater harvesting NGO 
High income Water quality Academic 
High income Rainwater harvesting & Water quality Academic 
 
While the sample is small, the experience of the respondence has meant that they are in good 
agreement. When the raw data from surveys are correlated between respondents, there is a mean 
Pearson’s r of 0.68, and all correlations are statistically significant to p < 0.001. The correlation 
coefficients are presented in Table 5.4. 
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Table 5.4: Correlation matrix of respondents 
Respondent 2 3 4 5 6 7 8 
1 0.60 0.62 0.76 0.66 0.51 0.71 0.66 
2 
 
0.51 0.86 0.79 0.60 0.71 0.61 
3 
  
0.53 0.56 0.64 0.55 0.61 
4 
   
0.89 0.67 0.83 0.64 
5 
    
0.81 0.83 0.73 
6 
     
0.69 0.70 
7 
      
0.69 
 
 Source weightings 
For sources of contamination, the surveys asked respondents to rate the severity of consumption 
of a contaminant and likelihood of consumption of a range of potential contaminants on a 5-point 
Likert scale. The raw results of the survey data were converted to weightings by first following 
standard risk assessment procedure (Rausand, 2011) and multiplying each likelihood score by the 
corresponding severity score. The mean of these scores for all respondents was then carried 
forward and normalised so that the mean factor risk weight was one. The resulting risk scores for 
sources are shown in Table 5.5.  
68 
 
Table 5.5: Source weightings 
Source risk factor Normalised weighting Category mean 
Contaminant sources on the roof   
Rust 0.61 
 
Plant matter 1.15 
 
Excreta 1.49 
 
Overhanging trees 0.96 
 
Evidence of animals on the roof 1.46 
 
Bird nesting 0.92 
 
Category mean 
 
1.10 
Contaminant sources in gutters 
  
Rust 0.71 
 
Plant matter 1.03 
 
Excreta 1.36 
 
Category mean 
 
1.03 
Contaminant sources inside the tank 
  
Rust 0.48 
 
Plant matter 0.74 
 
Excreta 1.12 
 
Stones/pebbles 0.38 
 
Dead small animals 1.43 
 
Category mean 
 
0.83 
Contaminant sources within 5m of tank 
  
Animals 1.31 
 
Excreta 1.22 
 
Plant matter 0.80 
 
Overhanging trees 0.83 
 
Category mean 
 
1.04 
 
69 
 
 Barrier effectiveness and defect scores 
The survey for barriers was carried out using Likert scales between -3 & 3, where 3 represented a 
situation where virtually no contamination can pass through and -3 as a situation where the barrier 
itself presented a large potential source of contamination. To determine the effectiveness of each 
potential barrier, the mean of all scores equal to or above 0 was calculated, resulting in a number 
between 0 and 3, with 0 representing no reduction in incoming risk and 3 a complete elimination. 
The resulting score was divided by 3 and then subtracted from 1 so that 0 represented complete 
elimination, and 1 represented no reduction. This number could then be simply multiplied by the 
risk score entering the barrier to obtain the risk score leaving the barrier.  
Each barrier also requires a score for how great a potential source of contamination it is. This was 
resolved by taking the mean score of responses equal to or less than 0, multiplying this by 5/3, 
resulting in a score between 0 and 5 which was comparable in scale to source risk factor scores and 
could be simply added to the risk score leaving the barrier.  Barrier and source ratings are shown in 
Table 5.6. 
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Table 5.6: Ratings for barriers 
Barrier Barrier rating Source score 
Inlet filter 
  
Sand filter (Good condition) 0.29 1.7 
Sand filter-(Fair condition) 0.67 1.7 
Sand filter (Poor condition) 0.78 3.1 
Cloth filter (Good condition) 0.52 1.7 
Cloth filter (Fair condition) 0.67 2.5 
Cloth filter (Poor condition) 0.89 2.9 
Metal mesh (Good condition) 0.67 1.7 
Metal mesh (Fair condition) 0.75 2.7 
Metal mesh (Poor condition) 0.89 2.9 
Plastic mesh (Good condition) 0.67 1.3 
Plastic mesh (Fair condition) 0.75 2.3 
Plastic mesh (Poor condition) 0.92 2.4 
The tank outlet 
  
Tap in the dWelling 0.33 0.8 
Pumped outlet 0.42 0.0 
Tap at the bottom of the tank 0.47 1.7 
Water collected by dipping from the access 1.00 3.5 
Access to the tank 
  
Well fitted access cover 0.33 0.0 
Poorly fitted access cover 0.56 3.0 
Overflow screen (good condition) 0.38 0.0 
Overflow screen (fair condition) 0.42 1.7 
Overflow screen (poor condition) 0.75 3.3 
Finish of the outlet surroundings 
  
Concrete 0.52 0.4 
Mortar 0.57 0.4 
Natural ground 0.53 2.8 
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Defects were considered on their potential to increase the accumulated risk. Respondents were 
asked to rank the risk on a 5-point Likert scale from 1, representing no significant increase in health 
risk, to 5, representing an extreme increase in health risk.  These ratings may simply be added to 
the accumulated risk score if any of the defects are found. The defect scores are in Table 5.7. 
Table 5.7: Defect source scores 
Defect Score 
Crack 2.0 
Hole 3.1 
Patch 1.9 
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 Analysis of the Sanitary Inspection scores 
To achieve a more detailed health risk assessment of RWH facilities as Well as keeping the focus on 
the roof → tank, water-washed pathway, a system diagram and the source-pathway-receptor (SPR) 
concept like Narayan et. al. (2012) was adopted. The SPR concept has been used successfully in 
several studies cutting across different fields of study as exemplified in Sneddon et al. (2009) in 
which it was used to investigate the fate of trace elements on a managed shooting site for 
environmental risk. Similarly, Balbus et. al. (2013) adopted the SPR concept in a study of the effects 
of global climate change in relation to chemical risk assessment and management. The SPR diagram 
based on the pathways identified by (Thomas et al., 2007) is shown in Figure 5.2.  
 
 
Figure 5.2 Sanitary inspection source-pathway-receptor-concept (SPR) diagram showing some 
barriers to primary and secondary contamination 
Contamination sources include excreta from pets or other animals, plant matter such as twigs and 
leaves, and soils. Indicators for these sources are in the conditions of the surrounding area and in 
the presence or absence of overhanging trees which can provide a nesting place for birds. 
In the primary water-washed pathway, rain helps to wash down dust, plant matter and other 
contaminants from the rooftop and gutters into the tank. Filters on the inlet act as a barrier to the 
contamination of the tank by limiting or preventing contamination. The tank’s access cover and 
filters on the overflow screen, pumps and taps also act as barriers to wind-blown or vector-carried 
direct contamination of the tank while concrete or mortar covering the surrounding areas acts as a 
barrier to secondary sources of contamination like dirty buckets being dipped into tanks. The 
calculation of the revised SI score was divided into four pathways. 
Rain
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Vector
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Pathway - water into tank (Pwt) 
Roof → Gutter → [Filter] → Tank → Ingestion by receptor 
1. Pathway-Environment-into-tank (Pet) 
Environment → [Access cover/screens/outlet] → Tank → Ingestion by receptor 
2. Pathway-Tank (Pt) 
Tank defect → Tank → Ingestion by receptor 
3. Pathway–Secondary-contamination (Psc) 
Environment → Finish of outlet surroundings → water collection arrangements → 
Ingestion by receptor 
Each of these pathways is described in more detail in the following sections. 
 Pathway – water into tank (Pwt) 
This pathway as shown by the Sankey diagram in Figure 5.3, brings together contaminant sources 
on the roof catchment and the gutters. When rain falls on the roof catchment, it washes roof 
contaminants (Sr) into the gutters. In turn, contaminants are washed from the gutters (Sg), through 
a filter and into the tank. The filter acts as a barrier to reduce the contaminant load before it goes 
into the tank. This can be expressed through its effectiveness, defined as the fraction of the initial 
contaminant load removed by the filter (Martinson et al., 2005; Rot et al., 2001). The filter may, 
therefore, be considered as passing a fraction of the risk accumulated before the filter is introduced 
(Bf). As filters may also be a place where the material is deposited and when damaged, can 
themselves be a source of material they are considered as contamination source, depending on 
their condition (Sf). The contaminants are then passed from the tank to the receptor. 
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Figure 5.3 Pathway – water into tank 
The total risk generated through this pathway is calculated using Equation 1. The equation sums 
the risk of contamination from the roof and gutters, reduces this total by filter effectiveness before 
adding any risk emanating from the filter. 
( ) ffgrwt SBSSP +×+=  (5.2.1) 
 Pathway - Environment into tank (Pet) 
The environment into tank pathway is shown in Figure 5.4 and considers contamination from 
sources around the tank itself. Deposited, vector-carried or wind-blown contaminants can be 
introduced into the tank via the access or overflow arrangements. For calculation purposes, the risk 
assigned to the surrounding area within 5 m of the tank (Se) is passed through a barrier based on 
the type and condition of the access cover and overflow filter (Ba) as Well as any other points of 
access identified by the surveyor. As with the inlet filter used in the water into tank pathway, the 
access cover and overflow screen can introduce contamination themselves, so this is added (Sa). 
 
Figure 5.4 Pathway – Environment into tank 
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The risk score from this pathway may be calculated using Equation 2 which firstly takes the risk 
from the environment 5 m from the tank, reduces it by a factor based on the access/overflow 
arrangements and adds any additional risk from poor arrangements.  
aaeet SBSP +×=  (2) 
 Pathway - Tank (Pt) 
This path as illustrated in Figure 5.5 represents contamination sources that are visible inside the 
tank as Well as any visible defects on the wall or top of the tank. Defects (Sd) represent an 
opportunity for direct contamination of the water in the tank when left unchecked, while 
contamination in the tank (St) has a direct path to the water with no barriers. 
 
Figure 5.5 Pathway - Tank 
As there are no barriers, the risk pathway is simply the summation of the two categories as shown 
in Equation 3. 
dtt SSP +=  (3) 
 Pathway – Secondary contamination (Psc) 
This path deals with how secondary contamination sources from within 5 m of the tank and water 
collection area get into the water collection vessel. Also considered is the mode of water collection 
from the tank, which may introduce contamination to the vessel or, with particularly poor practice, 
such as direct dipping of water the collection vessel into the tank access. 
Another potential route for environmental contamination to enter the tank is via the water 
collection arrangements. For this to take place contamination from the near-tank environment (Se) 
must pass through any special arrangements for the outlet surround (Ba & Sa) such as a concrete 
surround and through the water collection arrangement itself (Bc & Sc). While a more direct route 
can be through poor water withdrawal arrangements such as containers dipped into the tank by 
the access opening. 
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It then adds the risk of contamination of the tank via water collection by multiplying the 
environmental risk by a factor based on the quality of the tank surround and then again by a factor 
based on the water collection method, adding any additional risk brought about by these. 
Another path is the finishing of the tank outlet surroundings. The surroundings as Well as the water 
collection mode act as a barrier to secondary contamination and as a source of contamination 
depending on the type and condition. This pathway is illustrated in Figure 5.6. 
 
Figure 5.6 Pathway – Secondary contamination 
Equation 4 was used to calculate the risk score from this pathway. 
𝑃𝑃𝑆𝑆𝑆𝑆 = 𝑆𝑆𝑒𝑒  ×  𝐵𝐵𝑠𝑠 + 𝑆𝑆𝑠𝑠  ×  𝐵𝐵𝑆𝑆  +  𝑆𝑆𝑆𝑆  (4) 
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 Calculation of the overall risk score 
The risk scores from the pathways are aggregated using equation 5, and the value obtained will 
indicate the total health risk score (THRS) for the RWH system being inspected.  
sctetwt PPPPTHRS +++=                                                                                                                       (5) 
The figures 5.7 -5.16 presents the stages of calculation (as contained in the SI form) for total THRS 
for Tank-1 as an example of the calculation process with the application of the relevant equations. 
Pathway-water into tanks (Pwt) 
Roof subtotal:  
The sanitary inspector assigns a score to rust (0-5) based on the observed extent. This score is 
multiplied by the weighting assigned to rust (which reflects consequence of its presence in the 
water) This implies; 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 × 𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤ℎ𝑡𝑡 = 𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤ℎ𝑡𝑡𝑠𝑠𝑡𝑡 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  This process is repeated for every risk 
factor listed in the SI form 
Rust;  
Score = 4, 
Weight = 1.19 
Weighted score =  4 x 1.19 = 4.77 
Plant matter; 
Score =  1 
Weight = 1.91 
Weighted score  =  1 x 1.91 = 1.91 
Excreta; 
Score = 0 
Weight = 2.6 
Weighted = 0 x 2.6 = 0 
Overhanging trees; 
Score = 0 
Weight = 1.91 
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Weighted score = 0 x 1.91 = 0 
Evidence of animals on roof; 
Score = 0 
Weight = 2.9  
Weighted score = 0 x 2.9 = 0 
 Bird Nesting; 
Score = 0 
Weight = 1.7 
Weighted score = 0 x 1.7 = 0  
The weighted scores are summed up to generate the risk score from the roof referred to as here as 
the roof subtotal (Sr) that is; 
Roof subtotal (Sr) = 4.77+1.91+0+0+0+0+0 = 6.7.  
Figure 5.7 is a screen shot of the Roof subtotal calculation as contained in the SI form
Figure 5.7 Pwt stage 1 
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Gutter subtotal 
Rust;  
Score = 4, 
Weight = 1.33 
Weighted score = 4 x 1.33 = 5.33 
Plant matter; 
Score =  4 
Weight = 1.91 
Weighted score = 4 x 1.91 = 7.64 
Excreta; 
Score = 0 
Weight = 2.6 
Weighted score = 0 x 2.6 = 0 
Gutter subtotal = sum of all weighted scores; 
Gutter subtotal (Sg) = 5.33 + 7.64 + 0 + 0 = 13  Figure 5.8 is the screen shot of the calculation form 
the SI form 
 
 
Figure 5.8 Pwt stage 2 
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Barrier Score and Source (Filter) 
In this category, the filter is considered as a barrier to contamination and as a source of 
contamination. Where the filter is present it is rated as a barrier based on the effectiveness and 
condition (barrier rating). The rating as a source of contamination is mainly based on the filter 
type (source rating) are physically examined and rated as good, fair, poor. Tank-1 has no filter 
installed at the tank inlet, so; 
Barrier score Bf = 1 (max score) 
Source score Sf = 0  
Figure 5.9 is a screen shot of this calculation in the SI form. 
 
Figure 5.9 Pwt stage 3 
Pathway Summary; 
( ) ffgrwt SBSSP +×+=  = (6.7+13) x 1+0 = 20 
81 
 
Pathway Environment into Tank (Pet) 
Access 
In this category, the cover to tanks access (main access or inlet and overflow screen) is assessed 
base on type and condition. It is then rated as good or fair or poor and the weighting for the 
rating automatically applies. 
If there is no cover for the tank main access, barrier score will be maximum score, 1 and the 
source score will be; 0. As tank-1 has no cover; 
Barrier score (Ba) = average (1 &0.333)= 0.67 
Source score (Sa) = 0+0.24 = 0.24 or approx. 0.2 as shown in Figure 5.10
 
Figure 5.10 Pet stage 1 
Environmental subtotal 
Excreta; 
Score = 2 
Weight = 1 
Weighted = 2 x 1 = 2 
Plant matter; 
Score = 0 
Weight = 1 
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Weighted score = 0 x 1 = 0 
Animals; 
Score = 3 
Weight = 1.43 
Weighted score = 3 x 1.43 = 4.3 
Overhanging trees; 
Score = 0 
Weight = 0.72 
Weighted score = 0 x 0.72 = 0 
Environmental subtotal = 2 +0+4.3+0 = 6.3, as shown in Figure 5.11 
 
Figure 5.11 Pet stage 2 
 Pathway Summary: 
 𝑃𝑃𝑒𝑒𝑒𝑒 = 𝑆𝑆𝑒𝑒 × 𝐵𝐵𝑎𝑎 + 𝑆𝑆𝑎𝑎 = 6.3 × 0.67 + 0.2 = 4.4 
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Pathway -Tank (Pt) 
Contaminants inside the tanks 
Rust;  
Score = 4, 
Weight = 1.19 
Weighted score = 4 x 1.19 = 4.77 
Plant matter; 
Score = 2 
Weight = 1.43 
Weighted score = 2 x 1.43 = 2.86 
Excreta; 
Score = 0 
Weight = 1.43 
Weighted = 0 x 1.43= 0 
Stones/pebbles; 
Score = 0 
Weight = 0.72 
Weighted score = 0 x 0.72 = 0 
Dead small animals 
Score = 1 
Weight = 2.15 
Weighted score = 1 x 2.15 = 2.15 
Tank subtotal St = 0+2.86 + 0+0+2.15 = 5 as shown in Figure 5.12 
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Figure 5.12 Pt stage 1 
Defects on the tanks 
Crack;  
Score = 0, 
Weight = 0.95 
Weighted score = 0 x 0.95 = 0 
Hole; 
Score = 0 
Weight = 2.15 
Weighted score = 0 x 2.15 = 0 
Patch; 
Score = 0 
Weight = 0.95 
Weighted = 0 x 0.95 = 0 
Defect subtotal (Sd)= 0 + 0 + 0 = 0 as shown in Figure 5.13 
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Figure 5.13. Pt stage 2 
Pathway Summary (Pt): 
𝑃𝑃𝑒𝑒 =𝑆𝑆𝑒𝑒 + 𝑆𝑆𝑑𝑑  =  5 + 0 = 5  
 
Pathway -secondary contamination Psc 
In this category, potential sources of secondary contamination; the finishing of the tank outlet 
surrounding and the methods of water collection, are assessed base on condition and method 
respectively. The identified condition of the outlet surrounding is assessed as barrier and source 
of secondary contamination using the barrier and source ratings derived for each (concrete, 
mortar or natural ground condition) as described in sections 5.2.4 and 5.2.5.  
For Tank-1 the outlet surrounding is natural ground which has barrier rating as 1 and source rating 
as 3.89. Therefore; 
Barrier score (Bs) = 1 
Sources score (Ss) = 3.9 
Similarly, methods of water collection (Tap in the dWelling, Tap at the bottom of the tank, Water 
collected by dipping from the access, Pumped outlet) are assigned barrier and source ratings as 
shown Figure 5.12.  
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For Tank-1, tap at the bottom is the method of water collection so, 
Barrier score (Bc) = 0.58;  
Source score (Sc) = 1.29 as shown in Figure 5.15 
 
Figure 5.14 Psc stage 1 
 
 
Figure 5.15 Psc stage 2 
Excreta; 
Score = 2 
Weight = 1 
Weighted = 2x 1 = 2 
Plant matter; 
Score = 0 
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Weight = 1 
Weighted score  =  0x 1 = 0 
Animals; 
Score =3 
Weight = 1.43 
Weighted score = 3 x 1.43 = 4.3 
Overhanging trees; 
Score = 0 
Weight = 0.72 
Weighted score = 0 x 0.72 = 0 
Environment subtotal (Se) = 2+ 0+ 4.3+0 = 6.3 as shown in Figure 5.16 
  
 
Figure 5.16 Psc stage 3 
Pathway Summary: 
𝑃𝑃𝑆𝑆𝑆𝑆 = 𝑆𝑆𝑒𝑒  ×  𝐵𝐵𝑠𝑠 + 𝑆𝑆𝑠𝑠  ×  𝐵𝐵𝑆𝑆  +  𝑆𝑆𝑆𝑆 = 6.3 × 1 + 3.889 × 0.58 + 1.299 = 10  
The total health risk score (THRS) is a summation of the pathway summary scores which is given 
by  
𝑇𝑇𝑇𝑇𝑇𝑇𝑆𝑆 =  𝑃𝑃𝑤𝑤𝑒𝑒  +  𝑃𝑃𝑒𝑒𝑒𝑒  +  𝑃𝑃𝑒𝑒 + 𝑃𝑃𝑠𝑠𝑠𝑠   =  20 + 4.4 + 5 + 10 = 39  
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5.3 Data processing 
A scatter plot to compare the sanitary inspection scores from each tank using the WHO SI form and 
the revised SI form to assess the similarity of the two forms. The SI forms showed some positivity 
through a significant positive correlation. The correlation was obtained using the Spearman Rho 
correlational analysis. 
A Spearman Rho correlational analysis of the revised SI scores and total coliform count (TC) count 
was performed. The TC count ranged from zero/100ml to to-too-numerous to count, therefore to 
incorporate this wide range of TC count the logarithm to base ten OF the TC count (Log10 TC) was 
plotted with the revised SI scores. To overcome Log0 issues, 0.1 was added to each TC count. A 
similar approach was taken in (Barthiban et al., 2012) 
The most sampled are tanks 1 to 5 as they were marked for more frequent sampling due to 
accessible and the need for close monitoring. The close monitoring was necessary to ensure good 
data collection for a better understanding of the water quality parameters being measured. 
5.4 Results and discussion 
 The Revised SI Form 
Figure 5.17 presents a section of the revised SI form which is the outcome of the modification of 
the WHO SI from for RWH systems. The SI form consists of nine questions designed to explore the 
four contamination pathways discussed in section 5.2.1. 
Q1 Contaminant sources - on the roof - What visible contamination of roof catchment area can be 
identified 
This considers possible contaminants that can be washed down from the roof catchment which 
ultimately gets into the tank storage. Sanitary hazards associated with this question include, 
• the rusty condition of the roofing sheets, 
• the extent of plant matter (leaves, twigs) visible on the roof, 
• any visible excreta from small animals (rodents, reptiles) or birds, 
• nearby trees with branches overhanging on the roof this could likely drop off dead twigs or 
leaves or be nesting point for birds, 
• there is also provision for any other hazard that may be prevalent but not listed in the form. 
Q2 Contaminant sources - in gutters - What visible contaminants of the guttering channels can be 
identified.  
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This is question explores the visible contaminants that can be identified in the gutter, the rusty 
condition of the gutter, rust washed down from the roof, any plant matter washed down from the 
roof or blown onto the gutter and excreta (from rodents or reptiles or birds) washed from the roof 
or deposited directly on the gutter. 
  
Q3 Barrier - filter - What is the type and condition of the water filter installed at the tank inlet? 
The tank inlet is the point of entry for both water and possible contaminants. This question was 
designed to identify the type and condition of any filter installed at the inlet. The effectiveness of 
the installed filter is dependent on the type and condition (torn, old or rusty). However, not all the 
inspected tanks have filters installed. 
Q4 Access - What is the type and condition of the cover to the tank access and overflow when not 
in use? 
The purpose of this question is to identify how the inlet cover could contribute to the water 
contamination. If the cover is Well fitted or not because when Well fitted the chance of allowing 
contamination may be reduced whereas. Also, the condition of the overflow screen is assessed as 
this could aid contamination of the water when in bad condition. 
Q5 Contaminant sources - inside the tank - What visible contaminants in the storage tank can be 
identified?  
This question is to spot visible contaminants inside the tank, so an inspection of the inside of the 
tank is very important. A torchlight may be a great help as some inside tanks tend to be dark 
depending on the weather condition and position of the tank within the compound. Things to look 
out for include, rust deposits, plant matter, excreta, small dead animals (insects also) and pebbles. 
A very close look is important for clear identification of any of these contaminant sources. 
Q6 Contaminant sources - Defects - What defects are visible on the wall or top of the tank?  
This is a physical examination of the tank body for any form defects in the form a crack, a hole, 
patch (repaired hole which could easily reopen). 
Q7 Barriers - water collection - How is water collected from the storage tank? 
How water is collected from the tank could be a potential cause of water contamination. To explore 
this factor, this question considers whether water is collected through 
• a tap in the dwelling, 
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• tap at the bottom of the tank, 
• dipping from the tank access, 
• or pumped outlet. 
 
Q8 Barriers - Finish of the outlet surroundings - How hygienic is 1m2 floor area around the tank 
outlet? 
The question was designed to identify possible sources of contamination around the water 
collection area by considering the type of finishing of the immediate surroundings of the water 
collection area. The finishing types considered are concrete, mortar and natural ground finish. Also 
considered is the draining condition of the water collection area. 
Q9 Contaminant sources - Contaminant sources within 5m of the tank - What pollution sources are 
within 5m of tank outlet and water collection area? This question explores contaminant sources 
around the tank by considering, 
• excreta from domestic animals (like chicken, goats, dogs and sheep) 
• Nearby trees  
• Animals like pets around the compound 
• Plant matter like leaves and dried stems 
The closer these risk factors are to tank the more likely the possibility of contamination taking place. 
The likelihood and severity of the risk factors considered in the nine questions are represented by 
scores and weightings associated with each one, and the summation of all the subtotal risk scores 
gives the Total risk score for each facility. 
91 
 
 
Figure 5.17 A section of the revised sanitary inspection (SI) form 
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 The SI scores 
 A comparison of the WHO SI scores and revised SI scores as shown in Figure 5.18 indicates both 
forms have complementary attributes. A Spearman Rho correlational analysis exhibits a significant 
positive correlation with r=0.563 and p= 0.029. 
 
 
Figure 5.18 scatter plot WHO SI form score Vs RV form SI scores (RWH Tanks) 
 
 Risk score and total coliform (TC) count 
The Spearman Rho correlation analysis was performed between revised SI scores and TC count 
which gave a significant positive correlation value of r = 0.587 and p= 0.022 between revised SI 
scores and TC/log-TC. This is similar to (Tsega et al., 2013), where a significant positive correlation 
value of r = 0.817 and p< 0.01 were recorded between SI scores and TC. However in (Tsega et al., 
2013), the drinking water sources inspected did not include RWH facilities but open springs, open 
dug Well and protected springs.  
Further correlation analysis indicates a significant positive correlation between environment 
subtotal (Se) SI score and TC with r= 0.563 and p=0.029. Similarly Roof subtotal (Sr) SI score shows 
a significantly positive correlation of r= 0.643 and p= 0.01. This is an indication that the environment 
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subtotal (Se) and the Roof subtotal (Sr) could be said to have influenced the positive correlation 
observed between the revised SI score and TC count and likely to be a major influence on the 
microbiological quality of the water in the tank. 
The results in 
 
Figure 5.19 indicates a positive correlation between the revised SI scores and TC with a similar 
correlation between WHO SI scores and TC. Further results and correlation analysis are presented 
in Appendix 5 
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Figure 5.19 Scatter plot of RV SI scores with TC count 
 
 
 
Figure 5.20 RV SI scores (environmental) with TC count 
 
300250200150100500
20
15
10
5
0
TC cfu/100ml
RV
 s
co
re
s
300250200150100500
10
8
6
4
2
0
TC cfu/100ml
En
vi
ro
nm
en
t s
ub
to
ta
l (
Se
)
95 
 
 
 
Figure 5.21 (Scatter plot of Roof subtotal) SI scores with TC count 
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5.5 Conclusion 
The revised SI form provides for detailed sanitary inspection for a rainwater harvesting facility. The 
sources-pathway-receptor approach provides a systematic detailing of the sanitary inspection 
process. As such detail information can be obtained for an informed decision regarding the quality 
of drinking water from the inspected facility and the maintenance needs can be determined.  
SI scores from the revised form have shown some statistically significant correlation with the total 
coliform count in some pathways and none in other pathways as presented in section 5.4. 
Therefore, it can be said that the effectiveness of the revised SI method and form is inconclusive at 
this stage and therefore needs to be subjected to a validation process. However, a further data 
collection program involving more RWH systems and extended period of data collection can be 
initiated to validate the revised SI form.  
This revised SI form is intended to be transformed into a mobile app for use on smart phones and 
tablets by sanitary inspectors. While the method can be carried out on paper, it involves more 
complex processing than summing up raw scores. Therefore, condensing the form into a mobile 
app could be more user friendly and appealing to sanitary inspectors during field work programmes. 
With the near ubiquity of smartphones and tablets, especially among professionals, presentation 
as an app allows quick calculation with a simple check-box interface. 
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CHAPTER SIX 
 Survey questionnaire 
The survey questionnaires administered to water and health care professionals within the study 
area and their response are present in a box-whisks plot indicating the interquartile ranges and the 
median scores shown as a round black spot on box-whisker. 
5.5.1.1 Rating of drinking water sources by various criteria 
Taste: When asked to rate the drinking water sources base on taste, rainwater, borehole and pipe 
borne water received rating mostly falling between good to excellent. With N 23 and median scores 
of 4, 4, 1, 2, and 4 respectively for rainwater, borehole, and shallow Well, Stream and pipe-borne 
water, rainwater appeared to have received as good rating as the borehole and pipe-borne water 
which are standard public water supply systems. Whereas shallow Well and Stream received less 
rating, between very poor and good, a Kruskal-Wallis test presented in Table 4.5 (as highlighted) 
indicates no significant difference between the rating of rainwater and borehole, also rainwater 
and pipe-borne water. This is an indication that the participants are very likely to accept drinking 
water from rainwater, borehole and pipe-borne water as good unlike water from shallow Well or 
Stream which has a less good rating.   
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Figure 4.22 Rating drinking water sources by taste 
 
Table 4.8 Kruskal-Wallis Test (rating by taste) 
 Borehole Shallow Well Stream Pipe-borne water 
Rainwater H = 0.30 DF = 1  
P = 0.583 
H = 0.33 DF = 1  
P = 0.568 
  
H = 23.79 DF = 1  
P< 0.001 
H = 24.98 DF = 1  
P < 0.001 
 
H = 11.60 DF = 1  
P = 0.001 
H = 12.25 DF = 1  
P = P< 0.001 
 
H = 0.18 DF = 1  
P = 0.668 
H = 0.20 DF = 1  
P = 0.656 
  
 
Smell: The participants in responding to question rating the smell of drinking water from the 
sources as indicated in Figure 4.3 , rainwater, borehole and pipe-borne water received similar rating 
to taste, mostly falling between good to excellent.  With N 23 and median scores of 4, 4, 2, 2, and 
4 respectively for rainwater, borehole, and shallow Well, Stream and pipe-borne shallow Well and 
Stream received less rating, between very poor and good. Rainwater, borehole and pipe-borne 
water equally received good to excellent rating for smell.  
Pipeborne waterStreamShallow wellBoreholeRainwater
5
4
3
2
1
Sc
or
e
5; execlent, 4;very good, 3 ; good, 2 ; poor and 1; very poor
excellent:- taste is very acceptable; very poor:-taste  is very unacceptable
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Figure 4.23 Rating drinking water sources by smell 
The Kruskal-Wallis Test in Table 4.6 confirms no significant differences in the ratings of rainwater, 
borehole and pipe-borne water with the p-values as heighted in the table. The significance of the 
results is that rainwater is being rated as good as the traditionally preferred sources indicating that 
acceptability may not be an issue with respect to rainwater use. 
 
Table 4.9  Kruskal-Wallis Test (rating by smell) 
 Borehole Shallow Well Stream Pipe-borne water 
Rainwater H = 0.77 DF = 1   
P = 0.380 
H = 0.83 DF = 1   
P = 0.361 
 
H = 17.42 DF = 1   
P < 0.001 
H = 18.42 DF = 1   
P < 0.001 
H = 11.97 DF = 1   
P = 0.001 
H = 12.63 DF = 1  
P < 0.001 
 
H = 0.26 DF = 1   
P = 0.613 
H = 0.28 DF = 1   
P = 0.599 
 
 
 
Pipeborne waterStreamShallow wellBoreholeRainwater
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5; execlent, 4;very good, 3 ; good, 2 ; poor and 1; very poor
excellent:- smell is very acceptable; very poor:-smell  is very unacceptable 
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Likelihood of contamination: In response to the question of, with a median score of 4, 3, 2, 2, and 
4 respectively for rainwater, borehole, and shallow Well, Stream and pipe-borne, the shallow Well 
and Stream received less rating, between very unlikely and unlikely. The scores indicate that the 
professionals think rainwater, borehole and pipe-borne are less likely to be contaminated when 
compared to other drinking water sources, Figure 4.4.  The Kruskal-Wallis Test in Table 4.7 presents 
no significant difference in the likelihood of contamination of rainwater, borehole or pipe-borne 
water meaning that the professionals may likely consider the three sources as good sources of 
drinking water.  
 
 
Figure 4.24 Rating drinking water sources by the likelihood of contamination 
Table 4.10 Kruskal-Wallis Test (rating by the likelihood of contamination) 
 Borehole Shallow Well Stream Pipe-borne water 
Rainwater H = 0.00 DF = 1   
P = 0.946 
H = 0.00 DF = 1   
P = 0.94 
 
H = 5.95 DF = 1   
P = 0.015 
H = 6.34 DF = 1 
P = 0.012 
 
H = 3.91 DF = 1   
P = 0.048 
H = 4.10 DF = 1   
P = 0.043 
 
H = 0.14 DF = 1   
P = 0.709 
H = 0.15 DF = 1   
P = 0.701 
 
Pipeborne w aterStreamShallow  w ellBoreholeRainw ater
5
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5= very unlikely, 4=slightly unlikely, 3 = unlikely, 2 =Likely and 1 = very likely
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The professionals have a varying rating for the bacterial quality of rainwater. However most rated 
from good to excellent with a median score of 3 as shown in  Figure 4.5. The borehole and pipe-
borne water have received similar good to excellent rating by most of the professionals with the 
Stream and Well sources getting the lower ratings. The median scores are 3, 3, 2, 2.5, and 4 for 
rainwater, borehole, shallow Well, Stream and pipe-borne water respectively. 
 
 
Figure 4.25 Rating drinking water sources by the bacterial quality 
Perceived general quality:  To understand the generally perceived quality of the drinking water 
sources, the participants were asked to rate the sources based on their general knowledge 
(considering, microbial, physicochemical and organoleptic aspects altogether) about water quality. 
Surprisingly, rainwater had a third position ranking from their rating making it third most preferred 
source drinking water after borehole and pipe borne water. With a median score, of 3 against 
4,2,2,5 for the borehole, shallow Well, Stream and pipe borne water respectively, see Figure 4.7. 
The scoring pattern shown in Figure 4.6 indicates about 75% of the participants will prefer rainwater 
in the absence of or in combination with pipe borne water or borehole. The preference level for 
rainwater collaborates some informal details from the semi structure interviews where some 
participants expressed the failure of the borehole and pipe-borne water systems. The Kruskal-
Pipeborne w aterStreamShallow  w ellBoreholeRainw ater
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5; execlent, 4;very good, 3 ; good, 2 ; poor and 1; very poor
excellent:-no potental bacteria contamination; very poor:-high potential bacteria contamination
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Wallis Test in Table 4.8 further confirms the results, with no significant difference observed 
between rainwater and borehole at p-value = 0.981. The significant difference between rainwater 
and pipe-borne water places pipe-borne water above rainwater in rating.  
However, this result is a bit in contrast with the study in Ekpoma, Nigeria (Layi, 1993) which 
reported that discussion with some health workers revealed that rainwater was not safe for 
drinking. It further reported that lack of adequate treatment of the rainwater and non-maintenance 
of the roof catchment are major contributory factors to low quality of rainwater. However, this was 
no laboratory tests conducted in the study to support this assertion, and the data from the 
discussion was not presented. 
 
 
Figure 4.26 Rating-by most preferred source (based on perceived general quality) 
 
Rainwater-rtMP Borehole rtMP Shallow well-rtMP
Stream-rtMP Pipeborne water-rtMP
1
2
3
4
5
Category
 5 means Most preferred and 1 means Least preferred
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Figure 4.27 Rating of drinking water sources by perceived general quality 
 
 
Table 4.11 Kruskal-Wallis Test (most preferred source) 
 Borehole Shallow Well Stream Pipe-borne water 
Rainwater H = 0.00 DF = 1   
P = 0.981 
H = 0.00 DF = 1   
P = 0.981 
 
H = 6.54 DF = 1   
P = 0.011 
H = 6.88 DF = 1   
P = 0.009 
 
 
H = 6.99 DF = 1   
P = 0.008 
H = 7.33 DF = 1   
P = 0.007  
 
H = 5.91 DF = 1   
P = 0.015 
H = 6.54 DF = 1  
P = 0.011 
 
 
Criteria for recommendation: This criteria refers to offering drinking water advice or 
recommending drinking water source to members of the public (based on perceived quality).The 
results in Figure 4.8 indicates most professionals that participated in the survey would most likely 
recommend drinking water source based colour/taste and chemical quality with median scores of 
3, 4, 4, 3, and 3 for bacteria quality, chemical quality, colour/taste, reputation and previous 
experience respectively. 
Pipeborne waterStreamShallow wellBoreholeRainwater
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 5 means Most preferred and 1 means Least preferred
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Figure 4.28 Professionals’ criteria for recommendation of drinking water source 
  
Previous experience ReputationColour/tasteChemical qualityBacteria quality
7
6
5
4
3
2
1
0
Sc
or
es
5= highest priroty - 1 = least priorty
105 
 
 
 The PRISM surveys 
In this survey, individuals were asked to indicate their choices of drinking water sources based on 
two criteria using the interactive survey app, iPRISM. In iPRISM, smaller measured distances 
indicate more importance with respect to the attribute or criteria being measured. 
Choice of drinking water and organoleptic properties 
 
Figure 4.29 determinants of choice of drinking water by users 
 
Table 4.12 Spearman ranking correlation 
 Taste Smell Colour/clarity 
Smell 
-0.374 
 0.072 
  
Colour/clarity 
-0.334 
 0.111 
-0.263 
 0.215 
 
Professional advice 
0.204 
0.338 
0.162 
0.450 
0.250 
0.239 
Professional adviceColour/ClaritySmellTaste
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The participants in this survey were asked to indicate which of the organoleptic (water properties 
that can be experienced via the senses) properties of water, taste, smell and colour/clarity 
determines their choice of drinking water source. The participants demonstrated a clear 
understand of these properties.  Also included in the options is professional advice. The results as 
shown in Figure 4.9 indicated that most of the respondents make their choice of drinking water 
source by considering the colour or clarity of the water with the mean scores (as the data are 
normally distributed, Appendix 4) 7.4, 10.2, 12.8 and 17.3. This indicates a preference in the order 
(of importance) colour/clarity> smell > taste > professional advice. The spearman ranking 
coefficients and p=values displayed in  
Table 4.9 indicates the criteria do not correlate positively to each other. The decision of choice of 
drinking water source can be made based on a single criterion.   
Choice of drinking water based on perceived quality 
 
Figure 4.30 choice of drinking water source by perceived quality 
In choosing drinking water sources by perceived quality, the results shown in Figure 4.10 indicates 
that most of the respondents leaned very closely to rainwater as their choice as Well as borehole 
with mean scores of 10.0, 10.1, 12.4, and 16.5 for rainwater, borehole, Stream and Well 
respectively. The shallow Well is least favoured with a mean score of 16.5. Though borehole is also 
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preferred no evidence of such facility was observed during fieldwork within the community. 
Borehole/pipe borne water was mostly observed in the urban areas, and both are recognised in the 
Nigerian drinking water quality standard (Son, 2007). 
5.6 Conclusion 
The use of the PRISM app was effective, easy to understand and use by the participants. The 
participants used it enthusiastically and could express their feelings regarding the questions asked. 
The results obtained indicated a clear, considerable recognition and preference for rainwater as a 
reliable drinking water sources with minimal concern for its quality. This is the case when rainwater 
is harvested with an adequately maintained system.  
The results show that individuals in the local community think more about colour/clarity before 
they make their choice of drinking water source. This may explain why most of them will choose 
rainwater or borehole as their source of good quality drinking water. Interestingly, they seem not 
to border about professional advice. This may be because there is none within the community or 
such information is not considered very necessary by the authorities. The closest professionals to 
the locals were the health care workers, and their advice may only be prompted by an incidence of 
illness as no flyers or posts relating to the quality of drinking were observed at the health facilities 
during fieldwork. 
The results also suggest that the professionals think that rainwater, borehole and pipe borne water 
are the most reliable sources of good quality drinking water. This may be based on their laboratory 
informed quality knowledge of the drinking water sources.  
What seems to be very significant from the results is the fact that RWH is viewed as a source of 
good quality drinking water by both end-users in the local community with no technical knowledge 
and professionals with technical knowledge of drinking water quality. 
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CHAPTER SIX 
6 Microbiological and physicochemical assessment 
6.1 Introduction 
In chapter one, it was indicated that water quality measurements will be undertaken for the 
selected drinking water sources. This is to fulfil aspects of objective one of this research, which is 
to conduct a quantitative health risk assessment of the selected drinking water sources. Chapter 2 
highlighted concerns about drinking water quality with respect rural water supply and identified 
microbial and physicochemical parameters that have implications in rainwater quality.  Chapter 3 
highlighted how perceived quality could determine the choice of drinking water source. Therefore, 
this chapter will address issues related to drinking water quality by looking at 
• microbial quality via faecal and total coliform tests 
• physicochemical quality via metal detection tests, pH, conductivity and turbidity tests 
A total of 15 RWH systems, 2 Streams and 2 Wells were selected for this research.  Most research 
on RWH systems reviewed in Chapter 2 is mainly non-commercial household facilities. Similarly, the 
RWH systems in this research are household-based and none commercial. Other drinking water 
sources were selected so that all water supply options within the community are quality assessed. 
The results from the RWH system and other supply are to be compared to highlight the potentials 
of RWH.  
This chapter has four key sections 
• drinking water sources and water sampling 
• fieldworks 
• the test procedures 
• results and analysis 
The first section describes the sources of the water samples tested and the water sampling 
procedures. The second section describes what happened during each of the fieldworks undertaken 
for this study while the third section presents details of the procedure for microbial and 
physicochemical tests and finally, the fourth section presents the tests results and analysis 
conducted on the water samples collected from the selected drinking water sources. Table 6.1 
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presents the field equipment used for the microbial and physicochemical tests conducted on the 
water samples. 
Table 6.1 Tests and equipment used 
Tests Equipment 
Faecal and total coliform 
counts 
PAQUALAB 50 KIT (Incubators 
and accessories)  
pH, Conductivity, 
Temperature 
Multiparameter Testr 35 Series 
Turbidity TN-100/T-100 (Portable 
Turbidimeter) 
Metals detection ICP-MS (Inductively coupled 
plasma mass spectrometer) 
 
6.2 Fieldwork 
The data collection for microbial and physicochemical assessment of the drinking water source 
selected for this study was performed in during the two programs of fieldwork, Fieldwork 1 
conducted between June 3-30, 2015 and Fieldwork 2 conducted between August 7-24, 2016. Both 
fieldworks were scheduled to coincide with the rainy season of the study area to ensure constant 
available water in the RWH tanks.   However, the data presented, analysed and utilised for this 
research are that of Fieldwork 2.  Also, the number of RWH tanks sampled was increased during 
Fieldwork 2. 
 Fieldwork 1  
During Fieldwork 1, the following data collection for the research was planned 
• FC count 
• TC count 
• RNA samples for pathogen enumeration (campylobacter, salmonella, giardia)  
Over a two weeks period, a total of nine water supply sources within the study community were 
sampled. The water sampling points are shown as yellow stars in,  Figure 6.1, comprised of five 
PVC rainwater storage tanks (Tanks 1 to 5) each serving a household of at least five members, two 
Wells serving about three household units each and two Streams which serve the entire 
community. The rainwater storage tanks were selected by considering the size which could 
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indicate the extent of reliance on RWH and the material of the tank which could affect the quality 
of water. Details of all the sampling points are in Table 6.2  
 
 
 
Figure 6.1 Location map of the sampling points 
Streams and Wells; each with a  
di fferent colour background
RWH Tanks-showing tap outlet; each 
with different colour background
Legend
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Table 6.2 Details of the sampling points RWH tanks 
 
Table 6.3 Details of the sampling points Wells and Streams 
 
Sampling point 
Guttering 
system 
Capacity Material Outlet 
House
hold 
size 
Tank 1 yes 10000 litres PVC Tap with a lock 6 
Tank 2 yes 10000 litres PVC Tap with a lock 4 
Tank 3 no 1000 litres PVC 
Opening from top 
water taken by 
dipping collection 
vessel 
7 
Tank 4 yes 10000 litres PVC 
Tap with a lock 
(never met locked) 
open 
to all 
Tank 5 yes 10000 litres PVC Tap with a lock 5 
Source Type Outlet Family units 
Well 1 Underground water Open- bucket 
&rope 
3 household 5 
each 
Well 2 Underground water Open- bucket 
&rope 
I household of 6 
Stream 1 Surface water Open air community 
Stream 2 Surface water Open air community 
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As result of equipment failure encountered during the fieldwork, the FC and TC count could not 
proceed as planned with field kit (PAQUALAB) instead the samples were taken to the local state 
water corporation laboratory for analysis. The laboratory had facilities for most probable number 
(MPN) method of TC count and a presence-absence identification for FC. 
Also, water samples collected for pathogen enumeration by PCR assay could not be analysed 
because there was no laboratory that could extract RNA from the water samples for the collected. 
This was despite efforts made contacting various laboratories here in the UK. 
These challenges encountered during fieldwork 1 informed the decision to plan for the fieldwork 2. 
After a review of fieldwork 1, fieldwork 2 was implemented with a modified and improved plan for 
data collection with respect to microbiological aspects.  The data requirement remained the same 
for both fieldworks, but the method of testing for coliforms was changed from multiple tube 
fermentation to membrane filtration. 
 Fieldwork 2 
During fieldwork 2, the procedures were relatively the same except that the number of rainwater 
tanks were increased to 15 as shown in Table 6.4, making the number of sampling points 19.  
Water samples were collected over a period of eight days. This was for 15 rainwater storage tanks 
(including tanks 1 to 5 sampled in phase 1) with the two Streams/rivers and two shallow Wells 
previously sampled. The eight days sampling period was adopted to allow for time series analysis 
of the results obtained from the tests performed. Tank 1-5 were sampled more frequently as shown 
in section 129 because the owners gave unhindered access to their facility  
Collection of water samples for physicochemical parameter assessment was the same for both 
fieldwork 1 and 2. 
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Table 6.4 Details of additional RWH tanks sampling points 
 
Sampling 
point 
Guttering 
system 
Capacity Material Outlet Household 
size 
Tank 6 yes  15000 litres PVC Tap with a lock 6 
Tank 7 yes  15000 litres PVC Tap with a lock 6 
Tank 8 yes  30000 litres Concrete 
(underground
) 
Opening from 
top 
6 
Tank 9 Yes 15000 litres PVC (piped) 
standalone tap 
with a lock 
6 
Tank 10 yes  10000 litres PVC Tap with a lock 6 
Tank 11 yes  500 litres PVC Opening from 
top water taken 
by dipping 
collection vessel 
6 
Tank 12 yes  10000 litres PVC Tap with a lock 6 
Tank 13 yes  10000 litres PVC Tap with a lock 6 
Tank 14 yes  10000 litres PVC Tap with a lock 6 
Tank 15 yes  10000 litres PVC Tap with a lock 6 
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6.3 Drinking water sources and water sampling 
 Stream 
Water samples were drawn directly from the Streams using the sampling bottles. As the sampling 
process is being conducted in a field operation within a remote village, there was no access to the 
laboratory for sampling bottle sterilisation. Therefore, in other to limit or avoid secondary 
contamination being introduced from within the sampling bottle, sampling bottles were subjected 
to three times rinsing is to ensure that the sampling bottle has only water sample was collected. 
This is in line with the operating instruction of the PAQUALAB.  
The rinsing is expected to wash off as much microorganism as possible that might be clinging to the 
inner linings of the sampling bottle and replacing it with the sample being collected. Although this 
process is not the best sterilisation method, it was, however, the only option for the site 
circumstance.  
 Shallow Well 
The water sample was first drawn with a plastic bucket (usually used by the owners of the Well) 
lowered into the Well with a rope, a typical procedure for the families that depend on the Well for 
water. The sampling bottles were rinsed three times with the water sample before collecting the 
sample for testing. 
 Rainwater storage tanks 
Samples from the rainwater storage tanks were collected from the top and outlet of the tanks. To 
ensure water was taken from the top (surface) of the tank sampling equipment was developed for 
this research as shown in  Figure 6.2. This equipment was to facilitate sampling from the top of the 
tank without necessarily stirring up the water at the surface of the tank as Well as to minimise 
introducing contamination from the inlet during sampling. 
 The water sampling equipment (for tanks)-How it works 
The sampler is designed to slowly allow water into the container through the holes on the side from 
the surface of the sample ensuring minimal stirring of the entire water content.  The collected 
sample is then transferred to the sampling bottle which has been rinsed three times with the 
sample (or sterilised in the laboratory).  
This equipment has a cylindrical cup with weights screwed to it on three sides and three buoyancy 
ball (red coloured) fixed (triangularly) to the sides of the cup to allow the cup to float. The cup is 
lowered into the tank using a string while the attached weights allow the cup to sink onto the water 
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surface ensuring that the sample collected was from the top of the tank. Three round holes made 
about the same position on the cup as the buoyancy balls allows water sample to seep through into 
the cup. See Figure 6.2  
116 
 
 
Figure 6.2 RWH tank top water sampling equipment 
 
 
                              A. components of the sample collecting equipment 
                                              
 
     B. Plan view of the equipment                                         C. Assembled details of the equipment 
 
 
                                                       D. sampling equipment in use 
Metal cupFloat balls Lowering string 10kg weights
Round hole 
opening
10kg weight
Floating ball
Cup
Lowering 
string
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 Sampling process 
This section presents a further description of the sampling points and the process adopted in 
collecting water samples used for tests. This fulfils the step 1 of the QHRA as indicated in section 
7.4.1. Sampling was performed during fieldwork-1 & 2.  
In Figures, 6.3.2 -  are a pictorial presentation of the sources from where water samples collected 
 
                                Stream 1                                                                  Stream 2 
 
                                   Well 1                                                                                  Well 2 
Figure 6.3 Stream and Well sources 
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         Tank 1                                    Tank 2                                 Tank 3      
                
              Tank 4                              Tank 5                                      Tank 6 
Figure 6.4 Tanks 1-6 
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              Tank 7                                                     Tank 8                                                Tank 9 
                           
                 Tank 10                                                         Tank 11                                     Tank 12 
Figure 6.5 Tank 7-12 
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            Tank 13                Tank 14                    Tank 15 
Figure 6.6 Tanks 13 -15 
Water samples were collected from sources for the following tests 
• total coliform and faecal coliform count 
• Conductivity 
• Turbidity 
• Temperature  
• pH 
• metal detection (Al, As, Cd Co, Cr, Cu, Fe, Mn, Ni, Pb, Sn, Vd, Zn) 
Samples for microbial tests were collected in line with guidelines in (United Nations, 2010) were 
transported straight to the laboratory (during fieldwork 1) and research station (the PAQUALAB was 
stationed, during fieldwork 2) within an hour of collection in cool box filled with ice block to keep 
the samples within reasonable temperature to avoid arbitrary bacterial growth. This was applied to 
samples collected for all microbial test. 
Samples were taken for metals detection and analysis. 15ml of a water sample from each source 
was collected using a syringe for each sampling and transferred to a sterile plastic bottle with few 
drops of hydrochloric acid added to preserve the sample for transportation back to the United 
Kingdom. No suitable laboratory was found within the local area for metal detection test like the 
type scheduled for this study. Further details of metal detection are presented in section 6.4.3   
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Part of the samples collected for the microbial test were used for conductivity, turbidity, 
temperature and pH tests which were performed on site as much as possible. 
Following the instructions of the testing equipment manuals and more details are presented in 
section 6.4.2. 
6.4 The test procedures 
 Microbiological procedures 
The microbiological parameters considered in this project are total coliform (TC), and faecal 
coliform (FC) counts and both were assessed using two techniques; the most probable number 
(MPN) (also known as multiple tube fermentation method)(Who, 1997). This method is also 
described in ISO 8199:2005 (Hill, D. D. et al., 2006). The second technique is the membrane filtration 
method (using PAQUALAB field kit). The most probable number MPN technique was used during 
the fieldwork-1 and the membrane filtration technique was used during fieldwork-2.  
During fieldwork-1, water samples from the different sources were tested for the presence of total 
coliform and faecal coliform using the multiple tube method for thermotolerant coliforms as 
described in (Who, 1997). The main technique in this method is the indirect measurement of the 
density of microbial load in the water sample by referring to a statistical table to establish the most 
probable number of microorganism’s present in the sample.   
A series of test tubes containing a suitable broth culture medium is inoculated with a specific 
quantity of the water sample as indicated in Table 6.5 
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Table 6.5 typical sample volumes and the number of tubes (WHO, 1997) 
Sample type Number of tubes for sample volume 
 50 ml 10 ml 1 ml 0.1 ml 0.01ml* 
Treated drinking water 1 6    
Partially treated drinking 
water 
- 6    
Protected source water or 
groundwater 
- 6    
Surface or water from open 
Wells 
- -    
* volumes of 0.1ml 0.01ml are tested by the addition of 1ml of 1/10 and 1/100 dilution 
sample respectively, to 10ml of a single strength culture medium 
 
This is followed by incubation for a specific time at a given temperature. The incubation period is 
usually 24-48 hours, and the temperature is 37°Ϲ. Following the incubation period, each tube will 
be observed to identify tubes showing the growth of the bacteria/microorganism (by colour change 
as shown in Figure 6.7. The number of tubes showing positive results will then be used to obtain 
the MPN per 100ml of the original sample. The selection of sample volume for this process depends 
on the type of water sample or the known degree of contamination. This entire procedure is 
according to ISO 9308-2:1990 part 2 as contained in (Who, 1997). 
  
 
Figure 6.7 Tubes showing colour variation 
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In line with the procedure already describe and observing all standard laboratory precautions, 11 
tubes containing media broth were inoculated with 1x50ml, 5x10ml and 5x1ml of untreated water 
sample from each sampling point. The  Durham tube (inverted tube) in place in each tube to serve 
as gas traps to collect gas bubbles generated by any faecal coliform microbes as in Figure 6.8. 
Therefore, the presence of trapped gas bubbles indicates the presence of faecal coliform bacteria 
in the original sample, but the initial number cannot be counted. 
 
 
Figure 6.8 test tubes with Durham tubes in place (WHO, 1997) 
 
As indicated in Who (1997) statistics have shown that inoculation of five tubes with each sample 
volume tends to give more reliable MPN results than less than five tubes. 
The inoculated samples were transferred to the incubator for a 24-hour incubation period at 37ᵒC. 
The results were read after incubation, and the positive tubes were identified and recorded.  
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Figure 6.7 shows the colour change that took place after the incubation period.  This procedure was 
repeated for each sampling day. 
 
In fieldwork 2, the membrane filtration technique was used for total and faecal coliform tests. In 
this technique, a minimum of 10ml of the original sample or dilution of the sample is introduced 
carefully into a Well-sterilized filtration assembly which has a sterile filtration membrane that has 
a nominal pore size of 0.45µm. 
 
Figure 6.9 Typical sample volumes for membrane filtration analysis (WHO,1997) 
 With the help of a vacuum pump, the original water sample filters through the membrane filter 
and the membrane filter are then transferred to a suitable petri dish and then inoculated with a 
suitable culture medium (lauryl broth). The petri dish is then covered, label and transferred to an 
incubator subject to an appropriate temperature and allowed to incubate for about 24 hours. Once 
incubation is complete, visually identifiable coliform colonies are counted and expressed in coliform 
form unit (CFU) per 100ml of the original sample.  
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Figure 6.10 membrane filtration process (WHO,1997) 
 
This method could give quantity to the total and faecal coliforms present in the water samples 
tested, this was not totally possible with multiple tube fermentation method (or MPN) which could 
only quantify total coliform. A presence and absence result for faecal coliform is not very useful for 
a quantitative research method. 
The membrane filtration technique as described and represented in Figure 6.10 was implemented 
using PAQUALAB System 50 (for microbiological analysis of drinking Water to European standard 
Categories 1 & 2). Total and faecal coliform count was performed following directions indicated in 
the equipment manual. 100ml of each sample from the sources were filtered through the sterile 
filter membrane and absorbent Pads. This was repeated for total and faecal coliform sampling. The 
membrane filters where then enrich with membrane lauryl sulphate medium and incubated for 
approximately 24hours at 37oC and 44oC for total coliform and faecal coliform bacteria respectively. 
At the expiration of 24hours, the Petri dishes were retrieved from the PAQUALAB, followed by 
coliform colony (a group of coliform bacteria sticking together) count with the aid of a magnifying 
lens and results recorded accordingly and are presented in section 6.5.1. 
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 Physicochemical properties 
The details of physicochemical tests performed on the water samples are presented in Table 6.6. 
Table 6.6 Physicochemical test performed 
Physicochemical property 
tested 
Equipment used Comment 
pH, Conductivity, Temperature Eutechs PCTestr 35 [All -in- 
one equipment] 
Tests conducted according to 
equipment manual on site 
Turbidity TN-100/T-100 (Portable 
Turbidimeter) 
Tests conducted according to 
equipment manual 
Metals ICP-MS Filters/syringes and 
sample tubes 
15ml of water samples 
extracted with filters/syringes 
and preserved in sample tubes 
with few drops of hydrochloric 
acid 
 
 Metal detection 
Metal analysis was performed using inductively coupled plasma mass spectrometry-(ICP-MS). This 
equipment combines a high-temperature ICP (Inductively Coupled Plasma) source with a mass 
spectrometer (MS). 20ml of water samples were collected from the outlets of the sampling points 
for metal detection test. In phase 1, Tank 1 was sampled more frequently than other sources, three 
times a week for two weeks. But in phase 2 all sampling sources were sampled at the same rate. 
The metal detection test was performed using the ICP–MS in the laboratory following the relevant 
equipment manufacturer’s guide. 
A summary of the frequency of sampling (days), the parameters tested for, and the nature of the 
data are presented in Table 6.7 and Table 6.8 
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Table 6.7 Sampling points and frequency of sampling 
Samples from Frequency(days) 
Tank 1 8 
Tank 2 8 
Tank 3 8 
Tank 4 8 
Tank 5 8 
Tank 6 2 
Tank 7 2 
Tank 8 2 
Tank 9 1 
Tank 10 1 
Tank 11 1 
Tank 12 1 
Tank 13 1 
Tank 14 1 
Tank 15 1 
Steam 1 5 
Stream 2 5 
Well 1 5 
Well 2 5 
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Table 6.8 Parameters tested and data nature 
Parameter Normally 
distributed 
Transformation Statistical test 
TC Lognormal Log10 Spearman’s 
ranking correlation 
FC Lognormal Log10 Spearman’s 
ranking correlation 
pH No None Spearman’s 
ranking correlation 
Conductivity No Log10 Spearman’s 
ranking correlation 
Turbidity No Log10 Spearman’s 
ranking correlation 
Al No Log10  
As No Log10 Spearman’s 
ranking correlation 
Cu No Log10  
Cd No Log10  
Co No Log10  
Cr No Log10  
Mn No Log10  
Ni No Log10  
Pb No Log10  
Fe No Log10  
Sn No Log10  
Zn No Log10  
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6.5 Results and discussion 
This section presents the results obtained and the discussion of the implications of the results. 
 Results 
The sample parameters were recorded on an excel spreadsheet and transferred to Minitab 17 
software for analysis. Mean values were determined and used, were necessary, for analysis. Most 
of the results were presented in box plots. The box plot format is a graphical representation of key 
values, i.e. interquartile range and median values in box format. Correlation analysis of the results 
was performed to establish possible relationships between parameters.  
  Microbial concentration in the water sources 
Faecal materials from birds, small reptiles and rodents have been identified as main sources of 
microbial pathogens in rainwater harvesting systems (Abbott, Caughley, & Douwes, 2007; Gikas, G. 
D. et al., 2012).  In contrast, the source of faecal contamination for Streams and Wells includes 
direct deposit of human faecal matter of life stock animal with regards to Streams (Nagels et al., 
2002) and infiltration from nearby pit latrines in the case of Wells (Kumpel et al., 2016). Both TC 
and FC were measured in the collected water samples from the selected RWH systems, the Streams 
and Wells described in section 6.3. Results obtained from the total and faecal coliform tests were 
also presented in a box-whisker plot for clarity and instant visual representation of the varying 
elements of the plot, Figure 6.11 and Figure 6.12.   Results from the three categories of water 
sources, tanks, Streams and Wells were all incorporated into the same plot enabling easy 
comparison of the results. The result indicates general microbial contamination of the water 
sources. However, samples from the RWH systems show less microbial contamination than samples 
from the Streams and Wells with geometric mean TC counts of 2.58, 1.23,2.52 (on a log scale) for 
Streams, RWH tanks and Wells respectively and mean FC counts of 1.91, 0.56, 1.98 (on a log scale) 
for the Streams, RWH tanks and Wells respectively. The WHO recommends 0 cfu/100 ml for FC and 
about 2.2 cfu/100 ml for TC (bases on a zero risk concept) (Smith et al., 2009). Although the three 
source did not meet the WHO’s requirement, FC and TC count of the RWH tanks seems better than 
the Stream and Well sources. The implication is that samples from the Streams and Wells are higher 
than WHO’s recommendation and more polluted that the samples from RWH tanks. The samples 
from RWH tanks can be safe to drink, but with caution, maybe filtration and boiling could be ideal.  
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Figure 6.11 total coliform concentration in the drinking water sources sampled. The WHO, UK and 
EU standard/guidance value is 0 cfu/100ml 
 
1400
1200
1000
800
600
400
200
0
Stream
TC
 c
fu
/1
00
m
l
Tank Well
131 
 
 
 
Figure 6.12 Faecal coliform concentration in the drinking water sources sampled. The WHO, UK 
and EU standard/guidance value is 0 cfu/100ml 
In Figure 6.13 and Figure 6.14 further details of results for each sample source are also presented 
in Figure 6.15 and Figure 6.16 a time series plot of the results is presented. Both sets of results show 
that though the mean count for each of the sources indicates microbial contamination. However, 
zero TC and FC counts were recorded for the RWH tanks in some days signalling no contamination 
for the days. Tanks 1 and two have lower counts when compared to other sources. Tank 2 it was 
observed has a filter (mesh) secured at the tank inlet at the start of the sampling. But the removal 
of this filter saw a rise, fall and rise in the FC and TC count for Tank 2 water samples as shown in 
Figure 6.17 and Figure 6.18. 
Spearman’s rank correlation coefficient(ρ) analysis between various parameters measured on the 
water samples was performed, and the relationships were considered as statistically significant at 
p-value < 0.05 (Power et al., 1999). The choice of Spearman’s rank correlation analysis was because 
the variables being analysed seem to have a monotonic relation which means the variables change 
together but not at a constant rate. 
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Figure 6.13 FC concentration for each sample source/site for the three main sampling categories 
(Streams, Tanks and Wells) 
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Figure 6.14 TC concentration for each sample source/site for the three main sampling categories 
(Streams, Tanks and Wells) 
 
Figure 6.15 TC count by date 
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Figure 6.16 FC count by date 
 
Figure 6.17 Tank-2 FC showing effects of inlet filter presence and absence 
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Figure 6.18 Tank-2 TC showing effects of inlet filter presence and absence 
 
The correlation of FC and TC in the sources were considered to check for any possible the trends. A 
spearman rho correlation analysis indicates a significant overall correlation coefficient of 0.595 and 
a P-value of <0.001 for FC and TC. This result is coming mainly from the correlation existing between 
FC and TC in the Tanks 1 and 5 as Well as Well-2, with correlation and P-values of 0.885; 0.008, 
0.954; 0.001 and 0.700; 0.188 Tank 1, Tank 5 and Well-2 respectively as shown in Figure 6.19, Figure 
6.20 and Figure 6.21.  
Table 6.9 Spearman's rank correlation analysis 
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Figure 6.19 TC vs FC -Tank 1 (ρ=0.885; P =0.008) 
 
 
Figure 6.20 TC vs FC -Tank 5 ρ 0.954; P= 0.001 
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Figure 6.21 TC vs FC- Well 2 ρ = 0.700; P = 0.188 
The positive and significant correlations observed between TC and FC in tank-1 is an indication that 
the presence of one could be highlighting the presence the other and possibly with more data, the 
weak correlation observed in tank-5 and Well-2 may be stronger. A similar correlation was 
identified by (Kumpel et al., 2016), FC and TC strongly correlated with r-values from three studies  
0.85-0.93. This study is for beaches and fresh waters. 
  Physicochemical parameters 
The results of the tests for conductivity, turbidity and pH data have been presented in boxplot 
format with results from tanks, Streams and Wells incorporated on the same plot for easy 
comparison. The results were compared against WHO guidance values and in some cases against 
EU and UK drinking water standards. In general, the physicochemical qualities of the water samples 
collected from RWH systems meets the drinking water quality guidelines of the WHO and the 
Nigerian drinking water quality standard (which is based on WHO’s guideline) and this is consistent 
with other studies including (Simmons et al., 2001) and those identified by (Despins et al., 2009b; 
Meera et al., 2006) .   
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Turbidity 
Figure 6.22 presents the results of turbidity for a sample from all sources. The sample from RWH 
systems exhibited more clarity with a turbidity range of 0.08 - 3.72 NTU which is below WHO’s 5NTU 
but above the UK standards. Conversely, the samples from the Stream and Well sources have values 
above the WHO’s guidance values as indicated in Figure 6.22 and Figure 6.25. The Figure 6.23 and 
Figure 6.24 gives a visual insight to the turbidity of the Streams.  
Whereas, (Despins et al., 2009b) observed turbidity numbers compliant with WHO’s guidance value 
for rainwater, (Ahmed M F et al., 2005) and (Shittu et al., 2008) identifies high turbidity of up to 
52NTU for some dug Wells and 7NTU for Streams in their respective studies. Also, Jaji et al. (2007) 
observed a turbidity range of 7.3 to 70NTU in their study for a small river and this consistent with 
the result for the Streams in this study. 
Observation during fieldwork shows the Stream is continuously flowing, therefore, raising the 
possibility of washing up many suspended particles especially mud during rain events. So, recording 
high turbidity is possible. 
 
 
Figure 6.22 Turbidity of samples by source 
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Figure 6.23 Stream 1 
 
 
Figure 6.24 Stream 2 
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Figure 6.25 Turbidity by date for all sources with the red line indicating WHO guidance value 
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Conductivity  
In Figure 6.26 and Figure 6.27, the conductivity of the sample from RWH systems again showed 
good compliance with other international standards like the EU and UK (EU Directive, 1998) 
standard guidelines which are same as the WHO’s guidance value of 2500µs/cm. However, the 
samples from the Stream and Well sources have values that are though below the stated guidelines 
for drinking water but are higher than the values from RWH tanks as shown in the box-whiskers 
plot.  
 
Figure 6.26 Conductivity of samples by source, the red line shows EU-UK water quality standards 
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Figure 6.27  Conductivity by date for all samples, the red line indicates EU-UK water standard 
values 
pH 
Concerning pH, the WHO’s guidance value of 6.5 – 8.5 was not exceeded by samples for all the 
sources except for Tank 8 that slightly exceeded with a pH value of 8.7, as indicated in Figure 6.28. 
Tank 8 is an underground Ferro cement tank which most likely explains the alkaline nature of the 
water sample collected from the tank, and this is similar to findings by (Simmons et al., 2001). A 
spearman ranking correlation analysis indicates no significant correlation between FC and pH for 
the RWH tanks, Streams and Wells shown in Table 6.10. The tanks may show this  
able 6.10 Spearman ranking correlation FC vs PH 
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Figure 6.28 pH of samples by source 
6.5.3.1  Correlation of TC and FC with rainfall 
The influence of rainfall on the TC and FC counts were examined for the sampling period. Figure 
6.29 shows the rainfall events for August which covers the sampling period. Some rain events 
occurred day(s) before the sampling date, and others occur on the date of sampling. The days with 
rainfall were incorporated into a time series plot of TC and FC as indicated in Figures 30 to 34. 
Studies have observed that rainfall has no major influence on the amount of TC or FC in a water 
sample. In their study which examined the influence of rainfall on the faecal coliform count in rivers 
and Streams,(Hill, D. et al., 2006)  noted that rainfall has no major influence on the bacteria load of 
the samples collected.  However, others studies have identified some increase in coliform 
contamination of a drinking water source after a rainstorm (Stukel et al., 1990), (Kistemann et al., 
2002). The contamination can be attributed to surface materials being washed into the water 
supply system like surface waters or improperly sealed Wells. Also, Abbott, Caughley, Ward, et al. 
(2007) concluded in their study that rainfall intensity and wind direction could cause significant 
variation in the quality of roof-harvested rainwater.  
However, in this study, rainfall seems to have little influence on the bacterial quality of the 
rainwater samples as shown in Figure 6.31 to Figure 6.34,.This can be related to the fact that the 
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microbial results being analysed are of samples collected from the outlet taps of the tanks. The 
tanks were full of water mostly during the sampling period. 
In Tank-3, Tank-5, Well-2 and Stream-2 there is a noticeable increase in TC count after a >40mm 
rainfall. Similarly, in Well-2 and Stream-1, there is a rise in FC count after a >40mm. These 
observations indicate possible influence of FC and TC count by rainfall or storm, but this seems to 
be localised to sources. The reason could be the exposure of the water sources to microbial 
contaminants that can be washed down by runoff (regarding Streams and Wells) and issues of 
maintenance (with respect to tanks). 
 
 
Figure 6.29 Daily rainfall for August 2016 
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Figure 6.30 TC-FC in Tank-3 and rainfall during the sampling period 
 
Figure 6.31 TC-FC in Tank-5 and rainfall during the sampling period 
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Figure 6.32 TC-FC in Well-2 and rainfall during the sampling period 
 
Figure 6.33 TC-FC in Stream-1 and rainfall during the sampling period 
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Figure 6.34 TC-FC in Stream-2 and rainfall during the sampling period 
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6.5.3.2 Correlation of TC and FC with some physiochemical properties 
A Spearman rho correlation analysis was performed for coliform count and conductivity across the 
sample sources. In the tanks, a negative correlation was recorded between TC, FC, conductivity and 
pH. However, with turbidity, both TC and FC showed a weak correlation with r and p-values shown 
in Table 6.11   
Table 6.11 Spearman rho, r and P-values (Tanks) 
 TC FC Conductivity pH 
Conductivity -0.432 
0.006 
-0.333 
0.054 
  
pH -0.065 
0.694 
-0.067 
0.706 
0.309 
0.056 
 
Turbidity 0.386 
0.015 
0.335 
0.53 
-0.662 
<0.001 
-0.125 
0.449 
 
A further significant positive correlation was observed between TC and turbidity in tanks 1 to 
5(combined) with r 0.618 and p-value< 0.001. Similarly, a weak positive but significant correlation 
was observed between FC and turbidity with r = 0.497 and p < 0.001. The significant correlations 
indicate that the concentration of TC and FC colonies may be influencing the turbidity of the 
samples. Some studies have shown that the concentration of FC/TC  to be directly related to 
turbidity in water samples (Beaumont et al., 2008) (Ratkowsky et al., 1982). 
For the Streams correlations between the parameters are shown in Table 6.12. However, in the 
samples from Stream 2, a positive correlation was observed between TC and conductivity with 
Spearman rho, r = 0.679 as indicated in Figure 6.35 but with a high p-value of 0.138. Similarly, TC 
and turbidity show a positive correlation with r= 0.714 as indicated in Figure 6.36 but with a high p-
value, 0.111. FC has positive but less significant correlation values of r=0.1 and p = 0.873.  
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Table 6.12 Spearman rho, r and P-values (Streams) 
 
 
 
 
 
 
 
Figure 6.35 Stream 2 TC vs Conductivity 
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Conductivity 0.028 
0.931 
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Figure 6.36 Stream 2 TC vs Turbidity 
 
The correlation between the parameter observed from the Well samples is presented in Table 6.13. 
It could be observed that negative correlation exists between TC, FC and turbidity with r =-1.82; p 
=0.571 and r = -0.225; p=0.532 respectively. However, in Well 1 a correlation of r = 0.683 was 
observed but with a low significance of p-value = 0.135. there is a significant correlation between 
conductivity and pH with r = 0.812 and p-value= 0.001. 
Table 6.13 Spearman rho, r and P-values (Wells) 
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 TC FC Conductivity pH 
Conductivity -0.375 
 0.229 
0.256 
0.475 
  
pH -0.279 
 0.381 
0.360 
0.307 
0.812 
0.001 
 
Turbidity -0.182 
 0.571 
-0.225 
 0.532 
-0.053 
 0.871 
0.029 
0.929 
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These observations seem to be a random coincidence with no specific consequences or significance. 
It would be expected that turbidity and FC will show positive correlation but the Wells level of 
turbidity presents otherwise.  
 Metal detection 
The results of metal detection for the water samples from the tanks, Streams and Wells are 
presented in appendix 6. The results of iron Fe, As, Cr, Zn, Al are presented here in a box-whisker 
plot with comparison against WHO guidance values on which Nigerian standards are based as Well 
as UK/EU drinking water standards. The metals selected are those with a significant concentration 
in the water samples tested. See Figure 6.37 to Figure 6.60 
Also, correlation analysis for Al, Fe, Zn vs turbidity, conductivity and pH was performed to establish 
any possible correlation among the parameters stated as shown in Table 6.14, Table 6.15 and Table 
6.16. These metals may present aesthetic concerns in drinking water, and the correlation analysis 
may likely identify which metal is influencing any of the parameters analysed. The log scale was 
used for the plots for good graphical interpretation of the data but the all correlation analysis was 
performed with the raw data.  
Iron 
In Figure 6.37, the iron concentration was detected in all the water samples collected from the 
three sources, and it can be said to be that iron content is considered compliant with the WHO’s 
drinking water quality guidelines except for Stream 2. Samples from Stream 2 have slightly higher 
value above the 300µg/l (guidance value for aesthetics and acceptability reasons). The compliance 
of iron concentration in the rainwater samples is consistent with other studies (Chapman et al., 
2008; Meera et al., 2006).    
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Figure 6.37 concentration of Fe in the water sources. The yellow line indicates the WHO aesthetic 
guidance value for Fe concentration in drinking water 
Arsenic 
The WHO red line for Arsenic, 10µg/l was not exceeded by the concentration of arsenic in rainwater, 
the Streams or the Wells. The concern for arsenic concentration in drinking water comes from that 
fact that studies have identified arsenic concentrations above WHO’s 10µg/l in shallow 
groundwaters and given the health implications of such high concentrations (Ahmed M F et al., 
2005). Exposure to high arsenic concentration in drinking water, in some developing countries has 
been linked to skin cancer and some form of induced genetic alterations (Howard et al., 2006; 
Mayer et al., 2016; Rudel et al., 1996). However, according to Mayer et al. (2016), this may not be 
a similar case with a high arsenic concentration in developed countries considering other skin 
cancer factors like genetics, sun exposure, nutrition and socioeconomic status of arsenic-exposed 
individuals. 
The drinking water sources assessed in this study all do not have the identified health risks and such 
do not require any mitigation plans instead regular assessment shall be necessary to identify any 
change in trend. 
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Figure 6.38 concentration of Arsenic (As) in the water sources. The red line indicates the WHO 
guidance value for As concentration in drinking water 
Chromium (Cr) 
The concentration of chromium in the drinking water sources was found to below the WHO’s 
provisional guidance limits of 50µg/l, table 8.18 of (Who, 2008) as shown in Figure 6.39. The figure 
indicates no immediate health risk for the assessed drinking water sources. However, usual public 
health risk linked to the high concentration of Cr is with hexavalent Cr which is classified as human 
carcinogen through inhalation. The study also indicates that there is limited epidemiological 
evidence that suggests Cr(VI) ingestion elevates the risk of bowel cancer (Zhitkovich, 2011). 
Beaumont et al. (2008), a study in China provides some evidence to show an increased risk of cancer 
following ingestion Cr(VI) in drinking water.  
The identified risks are, however, not applicable to the water sources assessed in this study as the 
Cr concentration did not exceed WHO’s recommended values. 
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Figure 6.39 concentration of Chromium (Cr) in the water sources. The red line indicates the WHO 
guidance value for Cr concentration in drinking water 
Zinc (Zn) 
Zinc is an essential element for a healthy human body (Mohod et al., 2013) and the consequences 
of deficiency of zinc in the human body can be severe in the form of pica, anorexia or poor growth 
especially in children as observed by  (Chen et al., 1985) and(Smith et al., 1985). However, acute 
toxicity can arise from excessive ingestion of zinc salts via drinking water or any other means 
(Mohod et al., 2013; Who/Ipcs, 1996).  
All though elevated levels of zinc concentration in rainwater have been reported (Who, 2008), the 
concentration found in the drinking water sources in this study shows concentrations that are 
below the WHO guidance limits of 3000µg/l, see Figure 6.40. This limit is for aesthetic and 
acceptability concerns.  
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Figure 6.40 concentration of Zinc (Zn) in the water sources, the yellow line indicates the WHO 
aesthetic guidance value for Zn concentration in drinking water 
Aluminium (Al) 
The concentration of aluminium in drinking water can vary according to the level found in source 
water and whether aluminium-based water treatment (aluminium coagulant) was used (Who, 
2010). Based on current evidence the WHO has not derived any health-based guideline value as the 
evidence do not support such derivation (Who, 2011) but indicates that the Al concentration more 
than 0.1-0.2 mg/l often lead to complaints from drinking water consumers. The complaint is 
because of deposition of aluminium hydroxide floc and severe decolouration of water by iron.  The  
According to Who (1997), there is little evidence that Al is acutely toxic via ingestion despite its 
many occurrences in drinking water, food and antacids. The concentration of Al in the water sources 
assessed, (see Figure 6.41), in this research study, raises no concern with respect to the risk of 
toxicity.   It could be noticed that tank 8 has Al concentration (473.63µm/l) that is higher than that 
of other sources. This concentration does breach WHO guideline value and Nigerian drinking water 
standard. Tank 8 is an underground concrete/masonry tank with exposed reinforce rods which 
could be originally a coated Fe rod. Also the roof catchment is an aluminium roofing sheets. Poor 
quality roofing sheets could result in leaching of the roof materials into the tanks during a rainfall 
event.  
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Figure 6.41 concentration of Aluminium (Al) in the water sources (Limit of detection is 40(1.602)-
100(2) ug/l. ISO96 for ICP-MS) 
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6.5.4.1 Correlation of parameters 
A Spearman rho correlation analysis of the parameters was performed for the three drinking water 
sources (RWH tanks, Streams, Wells) and the results are presented in Table 6.14 Table 6.15 and 
Table 6.16. 
Table 6.14 Correlation of selected parameters in Tanks (r and p-values) 
 
Conductivity pH Turbidity Al Fe 
pH 0.309 
    
 
0.056 
    
Turbidity -0.662 -0.125 
   
 
<0.001 0.449 
   
Al 0.253 0.327 0.073 
  
 
0.125 0.045 0.662 
  
Fe 0.084 0.198 -0.094 -0.154 
 
 
0.618 0.234 0.575 0.357 
 
Zn 0.254 0.244 -0.345 -0.12 0.016 
 
0.123 0.139 0.034 0.475 0.926 
 
For RWH tanks samples, there exists a weak positive and the slightly significant correlation between 
turbidity and pH with r and p-value, 0.309 and 0.056 respectively.  Other weak positive and 
significant correlations (as highlighted in Table 6.14) between conductivity and iron, aluminium and 
pH. Also, a significant negative correlation exists between zinc and turbidity, which indicates that 
zinc concentration does not affect the turbidity of the water sample.  
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Table 6.15 Correlation of selected parameters in Streams (r and p-values) 
 
Conductivity pH Turbidity Al Fe 
pH 0.138 
    
 
0.669 
    
Turbidity -0.746 -0.125 
   
 
0.005 0.699 
   
Al 0.378 -0.156 -0.091 
  
 
0.226 0.628 0.779 
  
Fe -0.597 0.047 0.671 -0.252 
 
 
0.040 0.885 0.017 0.430 
 
Zn 0.470 0.094 -0.531 0.615 -0.091 
 
0.123 0.772 0.075 0.033 0.779 
 
 
In the Stream there exist a strong positive and significant correlation between Fe concentration and 
turbidity as highlighted in Table 6.15 indicating a possible influence of iron concentration on 
turbidity. However, turbidity can also be influenced by other suspended solids like disturbed river 
bed sediments though these were not tested.  
Table 6.16 Correlation of selected parameters in Wells (r and p-values) 
 
Conductivity pH Turbidity Al Fe 
pH 0.812 
    
 
0.001 
    
Turbidity -0.053 0.029 
   
 
0.871 0.929 
   
Al 0.067 -0.04 0.067 
  
 
0.837 0.902 0.837 
  
Fe -0.681 -0.756 -0.053 0.523 
 
 
0.015 0.004 0.871 0.081 
 
Zn 0.361 0.380 0.459 0.614 -0.074 
 
0.248 0.223 0.134 0.034 0.820 
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In the Wells, whereas strong positive correlation exists between Zn and Al, a negative but significant 
correlation exists between Fe and conductivity, Fe and pH. (as highlighted in Table 6.16). This 
indicates that Fe concentration has no possible influence on both conductivity and pH of the water 
samples.  
6.5.4.2 Metals and pH value  
In Figure 6.42 relationship between chromium (Cr) and pH is presented and the significant activity 
in Tank 8 where the sample is alkaline with a pH value of 8.7. This scenario could be explained in 
Figure 6.43 which shows the behaviour of metal concentration with respect to pH value of the water 
sample. Cr concentration tends to increase with the rise in pH towards alkalinity suggesting a 
possible increase in solubility of Cr in alkalinity.    
 
 
Figure 6.42 Chromium concentration and pH values 
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Figure 6.43 metal concentration and pH curves (curtesy Hoffland Environmental, Inc.)  
6.5.4.3 Metals and rainfall  
The metal concentration in the water samples tested were correlated to the amount of rainfall 
during the sampling period. However, few instances existed were rainfall showed a statistically 
significant influence on some metal concentration. In Tank-1, Fe concentration seems to increase 
after rainfall events as indicated in Figure 6.45 and Figure 6.44. The increase can be but not 
absolutely attributed to the obvious server rusty condition of the roof catchment.  
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Figure 6.44 Fe concentration and rainfall in Tank-1 
 
Figure 6.45 Fe-rainfall in Tank-1 Spearman correlation ratio: r = 0.703, p = 0.052 
In Tank-2, Mn showed weak positive but non-significant correlation with rainfall with Spearman 
correlation ratio: r = 0.108, p = 0.799. The reason for this is not clear, but more localised rainfall 
observation might give a better understanding of this scenario. 
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Figure 6.46 Mn concentration and rainfall in Tank-2 
In Tank-3 Mn presented a clear correlation with rainfall. Whereas this could be attributed to 
leaching of the galvanised iron roofing sheet of the roof catchment, a study in Texas USA 
indicated that metal roofs do not always leach high concentration of metals into the rainwater 
when compared to other roofing materials (Mendez et al., 2011). But according to Förster (1996), 
copper and zinc have shown high concentration due to contact between the roof runoff water 
and metal surfaces either as roof material or gutters. This implies similar factors may have 
contributed to the observed correlation of Mn and rainfall in Tank-3 as indicated in Figure 6.47 
and Figure 6.48. 
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Figure 6.47 Mn in Tank-3 Spearman roh: r 0.857, p = 0.014 
 
 
Figure 6.48 Mn concentration and rainfall in Tank-3 
 
In Tank-4, As presented clear correlation with rainfall as shown in Figure 6.49 and Figure 6.50. The 
source of As in Tank-4 is unclear, but the concentration is below acceptable level concentration 
and therefore poses no immediate threat.  
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Figure 6.49 Tank-4 Spearman r = 0.829, p = 0.021 
 
 
Figure 6.50 As concentration and rainfall in Tank-4 
In Tank-5, there exists a positive correlation as shown in Figure 6.51 & Figure 6.52 between As and 
rainfall but is of less significance when compared to Tank-4.  
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Figure 6.51 Tank-5 Spearman roh: r=0.647, p = 0.082 
 
Figure 6.52 As concentration and rainfall in Tank-5  
In the other water sources, Streams and Wells, there were few positive correlations observe red 
between some metals and rainfall but these were statistically insignificant. The Streams are 
continuous motion, therefore, metal concentration may vary constantly. In Stream-1, As and Fe 
have positive correlation with rainfall but this is not statistically significant as indicated by the r & 
p values highlighted in Table 6.17. Figure 6.53 &Figure 6.54 gives further insight.   
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Table 6.17 Metal-Rainfall correlations in Stream-1 
 
Rainfall 
Al 0.174 
 
0.742 
As 0.638 
 
0.173 
Cd 0 
 
1 
Co 0.319 
 
0.538 
Cr -0.058 
 
0.913 
Cu 0 
 
1 
Fe 0.435 
 
0.389 
Mn 0.116 
 
0.827 
Zn -0.058 
 
0.913 
Ni -0.116 
 
0.827 
Pb 0 
 
1 
Sn 0 
 
1 
V -0.277 
 
0.595 
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Figure 6.53 Fe concentration and rainfall in Stream-1 
 
 
Figure 6.54 As concentration and rainfall in Stream-1 
Similarly in Stream-2 Pb has a positive correlation with rainfall but has no statistical significance. 
The source of Pb may be linked to activities that take place in the Streams, people washing their 
cars, other vehicles, motor bikes and clothes. There is no data to prove this. 
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Table 6.18 Metal-Rainfall correlations in Stream-2  
 Rainfall 
Al -0.319 
 0.538 
As -0.667 
 0.148 
Cd * 
 * 
Co -0.551 
 0.257 
Cr -0.667 
 0.148 
Cu * 
 * 
Fe -0.261 
 0.618 
Mn -0.638 
 0.173 
Zn -0.551 
 0.257 
Ni * 
 * 
Pb 0.664 
 0.15 
Sn * 
 * 
V * 
 * 
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Figure 6.55 Pb- rainfall in Stream-2 
In Well-1, there is no clear positive correlation between any of the metals and rainfall, Fe 
presented a slightly positive but highly none significant correlation with rainfall, see Table 6.19 
Figure 6.56 
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Table 6.19 Metals-rainfall correlation in Well-1 
 Rainfall 
Al 0.015 
 0.978 
As -0.279 
 0.592 
Cd 0 
 1 
Co -0.103 
 0.846 
Cr -0.074 
 0.89 
Cu 0 
 1 
Fe 0.162 
 0.759 
Mn 0.191 
 0.717 
Zn -0.603 
 0.205 
Ni 0.162 
 0.759 
Pb 0 
 1 
Sn 0 
 1 
V -0.047 
 0.93 
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Figure 6.56 Fe concentration and rainfall in Well-1 
In Well-2 Mn and Ni showed a positive correlation with rainfall but this is not significant 
statistically as shown in Figure 6.57 to Figure 6.60. Further results about metals and rainfall are in 
Appendix 6.  
 
Figure 6.57 Mn-rainfall correlation in Well-2 Spearman roh: r 0.638, p = 0.173 
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Figure 6.58 Mn concentration and rainfall in Well-2 
 
Figure 6.59 Ni-rainfall correlation Spearman roh: r 0.725, p = 0.103 in Well-2 
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Figure 6.60 Ni concentration and rainfall in Well-2 
In a review study (Lye, 2009) examined several studies that have reported the presence of heavy 
metals in rooftop harvested rainwater including (Mathew et al., 2004) which identified the 
presence of copper, lead and zinc that exceeded ambient water quality of the United States. In 
studies carried out in Germany (Förster, 1996; Förster, 1999), it was observed that roof harvested 
rainwater had an initial high concentration of pollutants which decreased rapidly over time with 
more run-offs describe as a first flush effect. Metals contamination of rainwater could be 
attributed to leaching of roofing materials into the storage facility or lining of the rainwater 
storage facilities. The leaching properties of water can be accelerated by acid rain (Macomber, 
2001) but acid rain is subject to local area atmospheric condition. This is not applicable to the 
current study as there are no issues of acid rain in the locality. 
6.6 Conclusion 
 The chapter presented the results of the microbiological and physicochemical assessment of the 
drinking water sources selected for this study. The microbial and physicochemical quality of water 
samples collected from the water sources were assessed in line with the first objective of this 
research. Here are the key findings.: 
FC and TC count 
The results in FC and TC shows that samples from RWH tanks have better bacterial quality when 
compared with a sample from the Streams and the Wells. Although the WHO threshold for FC and 
TC was exceeded during some days there was evidence that simple could filtration can reduce the 
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count to zero though disinfection and any other technique can still be effective.  The evidence could 
make a case for a policy shift to promote large-scale RWH as a self-supply method of drinking water 
supply.  
Physicochemical parameters 
The water sample from the RWH tanks exhibits results indicating overall better quality when 
compared with samples from the Streams and Wells. All the parameters test for here meets the 
WHO recommended limits or guidance values. 
However, the further quality assessment will increase the database, expand the knowledge base of 
RWH quality of the study location, and close some knowledge gaps of the sub-Saharan African 
countries. 
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CHAPTER SEVEN 
7 Quantitative health risk assessment 
7.1 Introduction 
QHRA is a quantitative research method that can be applied in the assessment of the 
physicochemical and microbiological quality of drinking water from different sources. The idea of 
applying a quantitative methodology to health risk assessment was initiated in the United States of 
America in the 1970s. The factors underpinning the approach at the time were, the concepts of: 
• what health represents, 
• acceptable risks, 
• what makes up evidence,  
• what makes government intervention and risk management plan legitimate (Corbett, 
2003). 
Also according to Anderson (1983) QHRA approach to health risk assessment was applied to five 
specific areas of interest to the then US government within the healthcare system which include, 
estimating risk for particular populations, balancing risks with benefits, target levels of risk, 
reviewing residual risks after applying an appropriate best technology and setting up priorities.  
In the context of water quality and supply, QHRA can be described as a health assessment technique 
for estimating predictive disease burden based on water quality as input data (Ahmed M F et al., 
2005). In recent times QHRA has been used to quantify likely disease burdens from alternative 
water supply options with respect to microbial and chemical (metal)  contamination (Howard et al., 
2006; Islam et al., 2011). It has also been demonstrated as a valuable tool for evaluating public 
health risks and prioritising of water supply investment decisions in developing countries (Howard 
et al., 2007).  
According to Howard et al. (2007), the QHRA process is capable of combining the best available 
expertise and evidence to produce the best possible risk estimates. The process can adapt to 
changes to accommodating new research needs, new understandings and prediction can be 
revised.  
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The QHRA process is similar to the process of quantitative microbial risk assessment (QMRA) both 
fall within the generic quantitative risk assessment paradigm (Ahmed M F et al., 2005). QMRA is 
fully recognised by WHO and has been utilised in several studies and policy documents, as 
presented in Table 7.1 relating to microbial risk assessment with respect to waterborne diseases. 
It provides a methodical way of utilising scientific information to support water safety 
management decisions at the utility and regulatory levels while helping to prioritise research 
studies or remedial actions. This is because it allows the quantitative scientific data obtained to be 
interpreted in the context of estimated health outcomes which support water safety 
management (Who, 2016).  
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Table 7.1 Some literature on the application QMRA 
Author Paper title Comment 
(Ashbolt et al., 2010) Predicting pathogen risks to aid 
beach management: The real 
value of quantitative microbial 
risk assessment (QMRA) 
Used pathogen-indicator 
modelling within a QMRA 
framework to monitor faecal 
contamination scenarios and 
hydrologic events. (a study of 
recreational swimming sites) 
(Armstrong et al., 2008) Legionnaires' disease: evaluation 
of a quantitative microbial risk 
assessment model 
QMRA model developed to better 
understand Legionella disease 
(Westrell, T. et al., 2004) QMRA (quantitative microbial 
risk assessment) and 
HACCP (hazard analysis and 
critical control points) for 
management of pathogens in 
wastewater and sewage 
sludge treatment and reuse 
QMRA was performed to 
prioritise pathogen hazards for 
control purposes (a study of 
wastewater and sewage sludge 
treatment) 
(Schijven et al., 2011) QMRAspot: a tool for 
quantitative microbial risk 
assessment from surface water 
to potable water. 
A QMRA required for drinking 
water from surface water and 
vulnerable groundwater (a Dutch 
drinking water legislation and 
implementation) 
(Medema et al., 2006) QMRA: its value for risk 
management. Microrisk, 
Available online 
A detailed description of QMRA 
and its value for risk management 
(Who, 2016)  
Quantitative Microbial Risk 
Assessment: 
Application for Water Safety 
Management 
A WHO guidance documents for 
QMRA 
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7.2 Quantitative microbial risk assessment (QMRA) 
The QMRA principle and process forms the basis of the QHRA process used in this research.  
To ascertain if a system can produce and deliver drinking water that meets set out health targets, 
a risk assessment of that system is necessary. This risk assessment can provide information about 
exposure of the drinking water consumer to pathogens. It is a  method of identifying and 
quantifying the consequences of pathogens presence in water referred to as quantitative microbial 
risk assessment (QMRA) (Medema et al., 2006).  
QMRA could alternatively be described as the application of principles of risk assessment to 
quantify the consequences from indicative or actual exposure to infectious microorganisms 
(Ashbolt et al., 2010). The basis of this microbial risk assessment, according to (Haas et al., 2014), is 
combination of several scientific fields which include; medicine epidemiology, clinical and 
environmental microbiology and engineering. These fields have contributed to the knowledge base 
of the QMRA process which involves  
• hazard identification  
• dose-response assessment  
• exposure assessment  
• risk characterisation  
• risk management (Haas et al., 2014)  
The risk being considered is the risk to human health. The risk, according to the World Health 
Organisation, includes any exposure, attribute or characteristic of an individual which increases the 
possibility of developing an injury or disease (Who, 2009).  
The output of the QMRA is an estimated burden of disease resulting from disease outcomes 
expressed as disability-adjusted life years (DALYs). This is the metric for QMRA (Who, 2011, 2016). 
The DALY considers morbidity(illness) and death (mortality) allowing diseases and illnesses to be 
compared. 
Whereas QMRA is tailored to assess microbial risks, QHRA is meant to assess both microbiological 
and chemical risk potentials for the selected drinking water sources. 
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7.3 The quantitative health risk assessment (QHRA) model 
The QHRA is a simple deterministic model that can estimate disability-adjusted life years(DALYs) for 
reference pathogens e.g. Cryptosporidium and e-coli for protozoan and bacteria respectively and 
other contaminants to determine overall disease burden (Islam et al., 2011; Who, 2004) as 
recommended by WHO. Reference pathogens are representatives of a group of pathogens selected 
by considering the characteristics, behaviours and susceptibility of each group to different 
treatment processes (Who, 2011). Typical pathogen groups include bacteria, protozoa, virus and 
helminths and the full selection criteria for the reference pathogens can found in chapter seven of 
WHO guidelines for drinking water quality fourth edition (Who, 2011).  
QHRA was used in this research for the assessment of drinking water from roof-harvested 
rainwater, shallow Wells and Streams to estimating the disease burden from water consumption 
from the selected water supply sources.  The QHRA aims to quantify the potential health risks and 
in combination with the sanitary risk scores obtained from a sanitary inspection to produce a water 
quality index to promote safe rural water supply. This model was developed in line with the 
procedures of the quantitative microbial risk assessment (QMRA) model as described in (Haas et 
al., 2014).  
The QHRA model developed for this study uses  
• water consumption 
• dose response  
• the probability of infection 
• the consequence of infection  
• life expectancy  
• and pathogen-indicator ration (to estimate pathogen concentration in source water) 
To estimate disease burden (Howard et al., 2006). This QHRA model is similar to that of (Ahmed M 
F et al., 2005) and as such microbial and metal risks were combined in the model to enable a 
balanced assessment of microbial and chemical risks in the different water sources. The most 
reasonable assumption was made where necessary to limit the consequences of balancing of risks 
(Ahmed M F et al., 2005). 
In this study, the disability-adjusted life years (DALYs) is used to express the QHRA outcome from 
microbial and metal hazards as applicable to QMRA in line with a recommendation for WHO (Who, 
2004) (Havelaar et al., 2003).  
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7.4 The QHRA Process 
QHRA like QMRA is derived from the chemical risk assessment paradigm (Medema et al., 2006) 
which include four basic steps as described in 7.2 
Several QHRA studies have been published like the risk assessment for arsenic mitigation options 
(Ahmed M F et al., 2005; Howard et al., 2006). This study was focused on arsenic contamination 
covering aspects such as sanitary inspection, microbial test and some chemical tests. This study will 
adopt a similar focus, exploring exposure assessment and risk characterisation to highlight what 
elements are important for risk characterisation and exposure assessment. The risk assessment 
covers microbial (FC and TC), metal detection and sanitary inspection (Medema et al., 2006). The 
QHRA process for this study based on the foundation of WHO’s QMRA for water safety 
management (Who, 2016). 
Model inputs 
Preferably, assessment of microbial water quality as part of a health risk assessment should include 
the analysis of pathogens, indicators and index organisms but this is not always the case with 
respect to developing countries. Risk assessments in these countries usually require the use of 
thermotolerant coliforms (TTC) as the principal microbiological inputs due costs and non-availability 
of necessary skills or facilities (Ahmed M F et al., 2005). 
In this study, thermotolerant coliforms (TTCs) concentrations and Arsenic (As) concentrations were 
used as inputs for the QHRA model from the difference water sources. 
Faecal coliform which is a TTC was used to predict concentrations of the reference pathogens of 
interest using a pathogen-indicator ratio since the pathogen concentrations were not directly 
measured.  Furthermore, pathogen count is a critical requirement for the microbial input of the 
QHRA model.  
This approach could be adopted for various reason including the low likelihood of detecting faecal 
contamination and the actual frequency and distribution of such contamination, with respect 
distribution water (Van Lieverloo, Mesman, et al., 2007). Another reason is a high cost for 
quantification of pathogen concentration as Well as high detection limits compared to acceptable 
concentrations as noted by (Teunis et al., 1997). Also because signs of faecal contamination are 
likely to disappear quickly in most contamination events, so drinking water is unlikely to be tested 
for pathogen presence once faecal contamination is detected (Van Lieverloo, Blokker, et al., 2007). 
So in the absence of a quantitative data to assess the effects of detected faecal contamination in 
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drinking water, pathogen concentration should be estimated for each contamination case (Westrell 
et al., 2003). The reason for the use of pathogen- indicator ratio in this research is due to inability 
to access a laboratory that can perform the RNA or DNA extraction required for pathogen 
enumeration at the time.  
The arsenic (As) concentration was applied directly into the QHRA model. The apparent difference 
between the approach used for As and pathogens stems from the difference in the basic 
epidemiology from which the respective dose responses were derived. The dose response of the 
pathogen is based on human (campylobacter) and beaver (giardia lamblia) feeding trials of a known 
dose of the pathogen (dose) and recorded health effects of those consuming the pathogens 
(response). In contrast, for arsenic, the dose response relationship is derived from measurements 
(dose) and disease prevalence in the community (response) used by (Ahmed M F et al., 2005).  
 Problem formulation 
Problem formulation is the general background and extent of the risk assessment is defined. This 
will enable specific targeting of all the risk management needs that should be addressed (Who, 
2016).  This involves scoping and planning, identifying current issues and accurate description of 
the water supply systems from catchment-to-tap.  Identifying the key control elements and 
strategies and any limitations that could affect the process. The main objective is to ensure that risk 
management needs are adequately covered in the planning. The process here is, a  hazard 
identification focused, planning (Who, 2004, 2016).  
The description of the process of selection of sources, a collection of water samples from the 
Streams, shallow Well and RWH systems in fulfilment of the problem formulation stage are 
presented in section 6.3 of chapter 6 
 Hazard identification 
Hazard identification is predominantly the process of determining what constitutes hazards as Well 
as hazardous events and scenarios. This study is focusing on health hazard which is anything that 
can cause harm in the form of loss of life, injury and illness (Fewtrell  et al., 2008). The following 
hazards have been linked with RWH systems 
• drowning and near drowning 
• Injury and 
• Infection. 
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The main hazard of interest is an infection which in RWH systems is by ingestion of contaminated 
drinking water introduced into the system through the following routes: 
• Contamination sources from the roof catchment and gutter(s); rust, excreta from birds or 
rodents, plant matter, washed into the tank of the RWH system 
• Contamination sources from around the tank outlet and water collection are; excreta, 
animals being breed within the household, undrained surroundings, getting into the tank  
• Contamination from deposits visible inside the RWH tank and visible defects on the wall of 
the tank; evidence of rust, small dead animals, plant materials, as Well as cracks or holes 
on the wall of the tank 
• Lastly, is the contamination from water collection vessel from sources around the tank 
outlet; poorly drained surrounding, plant materials, animals (secondary contamination)  
In summary, the scenarios that can lead to the introduction of these microbial hazards include the 
birds, and other small animal faeces dropped on the roofs, small dead animals in the tank, dipping 
water collection vessel directly into the tank, tanks inlet without filter and tank surrounds littered 
with dirt and domestic animals waste. Rusty roofs and roofing materials can contribute to the 
presence of metals in the water supply system. The source-pathway-receptor concept of the 
sanitary inspection performed for this study examined the stated scenarios as presented in chapter 
5. With regards to the RWH systems in this study, the hazard of infection was assessed by the 
presence of microbiological (TTC) or chemical agents (metals) within the water supply system which 
is capable of causing adverse health effects. (Haas et al., 2014) (Medema et al., 2006).  
In chapter 6 is discussed, the presence of total and faecal coliforms as Well as metals within the 
water sources which in some cases are more than the recommended WHO standards and guidance 
values.  
The presence of indicator bacteria could signal the presence of pathogens like Campylobacter spp, 
Salmonella spp or Cryptosporidium spp all of which have been isolated in rainwater (Crabtree, 
Kristina D. et al., 1996) (Birks et al., 2004; Savill et al., 2001)and other drinking water sources.  
For this study, the hazards of interest are enteric pathogens and metals. In line with (Who, 2004) 
reference pathogens concept which allows the selection of the most resistant, abundant, infectious 
and virulent pathogens for use in risk assessment, (Ahmed M F et al., 2005) the selection of 
pathogens of interest in this study was made. The model reference bacteria and protozoan 
pathogens were defined for this study, and a summary of the properties of the model reference 
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pathogens are presented in Table 7.2 viral pathogen was left because the occurrence is rare in 
rainwater (Fewtrell, L et al., 2007).  
Table 7.2 Summary of the properties of the model reference pathogens 
Model reference 
pathogen 
The basis for 
concentration estimate 
The basis for 
infectivity 
estimate 
The basis for disease 
burden estimate 
Bacterium 
Total confirmed 
Campylobacter spp from 
rainwater relative to FC 
Human feeding 
trial of 
Campylobacter 
spp 
WHO generalised 
Campylobacter spp 
Protozoan 
Total confirmed Giardia 
lamblia from rainwater 
relative to FC 
Human feeding 
trial of Giardia 
lamblia 
WHO generalised 
Giardia lamblia 
  
However, none of these pathogens was tested for in this study. One sample, 2 ml, from each of the 
Stream and Well sources and a rainwater tank was collected and preserved for transportation with 
RNAlater. However, efforts to conduct a polymerase chain reaction (PCR) analysis was unsuccessful 
due lack of laboratory facilities to perform the test on a water sample even though the water 
sample for the test was duly collected and preserved.  
Therefore, the pathogen concentration used in the QHRA model are derived from pathogen-
indicator ratio for faecal coliforms. 
 Exposure assessment 
Exposure assessment in the context of this study are the various steps taken to establish the 
frequency and degree to which individual water consumers are exposed to pathogens via the 
pathways and hazardous events identified during problem definition and hazard identification 
stages (Who, 2016). This requires the assessment of the source water for a concentration of 
pathogens, changes in the concentration of treatment (if any), in storage and distribution as Well 
as the volume and frequency consumed the population (for instance, daily and this applicable to 
municipal water supply) (Medema et al., 2006). For this research, performed in the rural area, 
measurements were taken from the tap (tank outlet). 
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 Exposure assessment seeks specifically to identify  
• source of contaminations and the transport media for the contaminants 
• the concentration of the contaminants 
• exposure scenarios, pathways and routes of exposure 
• exposure factors related to human behaviour with respect to time, frequency and duration 
of exposure 
• the exposed population 
The exposure to hazards (contaminants) can be assessed by a systematic on-site survey of the 
catchment systems and water storage facilities and its surroundings (Westrell, Therese et al., 2004). 
The potential hazard resulting from exposure to bacteria of faecal origin (from birds and rodents) 
were identified in this study. The exposure routes as already established by (Fewtrell  et al., 2008) 
includes ingestion of contaminated water. The source-pathway-receptor concept of the sanitary 
inspection presented in Chapter 5 identified the direct consumption of water from the rainwater 
tanks (and other sources) as a typical exposure scenario. The concentration of contaminants in the 
drinking water sources were determined by microbial tests (total and faecal coliform counts) and 
chemical test for the presence of metals and details are presented in Chapter 6. Because of the 
unsuccessful efforts to establish the concentration of some reference pathogens (Campylobacter 
spp, Cryptosporidium spp, Giardia spp.) the bacteria indicator-pathogen ratio was used to estimate 
the concentration of the selected pathogens. This is to enable the conduct of the next stage of the 
QHRA process, the dose response. 
7.4.3.1 The ratio of TTC to Pathogen (TTC: Campylobacter, TTC: Giardia lamblia) 
Pathogen and TTC monitoring in rainwater can indicate the ratio of pathogens to TTC that might be 
expected of faecal matter from birds or rodents deposited in drinking water from harvested 
rainwater. Whereas pathogen – indicator ratio studies are very common for water sources like 
surface water, wastewater and dug Wells (Haas et al., 2000; Howard et al., 2007; Teunis et al., 1997; 
Van Lieverloo, Blokker, et al., 2007), very few studies were found in relation to roof-harvested 
rainwater. Also, the presence of one or more indicators could mean the presence of a microbial 
pathogen (Ahmed et al., 2013), but this is not necessarily the case for every water sample tested. 
Therefore, to predict pathogen concentration based on TTC – pathogen ratio, few studies of 
rainwater microbial quality monitoring were assessed.  
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Two studies were identified (Ahmed et al., 2012) and (Crabtree, Kristina D. et al., 1996) however, 
data from the former is more recent, presented in units that allow for easy comparison, cfu/100ml 
for coliforms and cysts/litre for the pathogen and the pathogen enumeration was determined by a 
more accurate and reliable method, quantitative polymerase chain reaction (qPCR) and the study.  
In the latter, the coliform count is presented in cfu/100ml while pathogen count was presented in 
cysts/100l. The data from the former was therefore used to derive the pathogen indicator ratio for 
this study. This approach has previously been utilized to assess microbial health risks to users of 
recreational waters (Ashbolt et al., 2010).   
The data used for the TTC to pathogen ration derivation are from Table 4 of (Ahmed et al., 2012) 
and the derivation of  TTC – pathogen indicator ratio is presented in Table 7.4.2 and 7.4.3 in 
appendix 7 . 
The FC count for this research will be referred to in this section as TTC count. 
The TTC count used is the geometric mean of the FC count for each source water within the test 
period. The 0.1s in Tables 7.4.2 and 7.4.3 represents 0 in the TTC count, this was added for the 
calculation of the geometric mean of the TTC counts.  
The ratio factor for both campylobacter and Giardia lamblia is 0.009, and this factor will be used to 
multiply TTC counts to obtain the pathogen concentration for each water sample. 
186 
 
Table 7.3 Pathogen concentration in source water 
Tank  FC 
(cfu/100ml) 
Faecal coliform 
(cfu/l) 
Campylobacter /FC 
(x 0.009) 
Giardia lamblia/FC  (x 
0.009) 
1 0.28 2.8 0.03 0.03 
2 0.91 9 0.08 0.08 
3 8.37 84 0.77 0.78 
4 4 37 0.34 0.34 
5 1 13 0.12 0.12 
6 0 0 0.00 0.00 
7 0 0 0.00 0.00 
8 8 80 0.74 0.75 
9 0 0 0.00 0.00 
10 120 1200 11.06 11.22 
11 0 0 0.00 0.00 
12 0 0 0.00 0.00 
13 0 0 0.00 0.00 
14 0 0 0.00 0.00 
15 46 460 4.24 4.30 
Well-1 48.88 489 4.50 4.57 
Well-2 74.28 743 6.84 6.95 
AMA-1 41.76 418 3.85 3.91 
NG-2 63.49 635 5.85 5.94 
 
7.4.3.2 Exposure estimation 
The main objective of the exposure assessment and dose-response model is the estimation of 
health risk outcomes (Who, 2016). Whereas exposure assessment establishes how exposed the 
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water consumers are to potential hazards, the dose-response determines the possible dose of the 
hazard that will trigger adverse health effect (illness or death). 
Exposure dose used for this study, which is the amount of the contaminant in the water source 
multiplied by the amount of water ingested by the water consumer per day is worked out at this 
stage. However, for ease of computation, the exposure dose applied in the QHRA model was 
extracted from (Moya et al., 2011).  
 
 
Figure 7.1 US-EPA drinking water ingestion rates (Moya et al., 2011) 
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Exposure dose for Campylobacter was calculated using the ingestion rate for all ages as shown in 
Figure 7.1 by multiplying the ingestion rate 0.869l/day by the concentration of the pathogen in 
each of the source water derived from the FC-Campylobacter ratio as indicated in Table 7.4. The 
same process was repeated for Giardia lamblia. A similar calculation was performed for As to 
determine the exposure dose and are presented in Table 7.5.  
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Table 7.4 Exposure dose for Campylobacter and Giardia 
Tank FC Faecal 
coliform 
cfu/l 
C1 
Campylobacter/FC 
x 0.009 
G1 
Giardia 
lamblia/FC 
x 0.009 
Exposure 
dose-Campy 
( C1 x 0.869) 
Exposure 
dose-G-
lamblia (G1 x 
0.869) 
1 0.28 3 0.03 0.03 0.02 0.02 
2 0.91 9 0.08 0.09 0.07 0.07 
3 8.37 84 0.77 0.78 0.67 0.68 
4 3.66 37 0.34 0.34 0.29 0.30 
5 1.31 13 0.12 0.12 0.10 0.11 
6 0.00 0 0.00 0.00 0.00 0.00 
7 0.00 0 0.00 0.00 0.00 0.00 
8 8.00 80 0.74 0.75 0.64 0.65 
9 0.00 0 0.00 0.00 0.00 0.00 
10 120.00 1200 11.06 11.22 9.61 9.75 
11 0.00 0 0.00 0.00 0.00 0.00 
12 0.00 0 0.00 0.00 0.00 0.00 
13 0.00 0 0.00 0.00 0.00 0.00 
14 0.00 0 0.00 0.00 0.00 0.00 
15 46.00 460 4.24 4.30 3.68 3.74 
Well-1 48.88 489 4.50 4.57 3.91 3.97 
Well-2 74.28 743 6.84 6.95 5.95 6.04 
AMA-1 41.76 418 3.85 3.91 3.34 3.39 
NG-2 63.49 635 5.85 5.94 5.08 5.16 
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Table 7.5 Arsenic concentration for each source water 
Tank As (ug/l) Exposure ( As x 0.869)/l/day 
1 3.09 2.68 
2 2.21 1.92 
3 2.95 2.56 
4 2.68 2.33 
5 2.38 2.07 
6 2.74 2.38 
7 2.42 2.10 
8 3.72 3.23 
9 2.79 2.43 
10 2.77 2.41 
11 2.77 2.41 
12 1.96 1.70 
13 2.36 2.05 
14 3.87 3.37 
15 2.37 2.06 
Well-1 3.44 2.99 
Well-2 4.76 4.13 
AMA-1 3.19 2.78 
NG-2 3.20 2.78 
 
The exposure dose estimated for campylobacter, Giardia lamblia and arsenic were used to calculate 
dose responses for each drinking water source.  
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 Effect assessment (dose-response) 
Microbial dose response 
Effect assessment or dose-response applied in this study is a mathematical function to determine 
the probability is contracting infection by an individual from exposure to waterborne pathogens 
through direct ingestion (Haas et al., 2014), (Islam et al., 2011).  The dose-response relationship 
applied here is based on human feeding trials for Campylobacter spp as presented in QMRAwiki. 
This is a beta Poisson model, equation 7.1, which calculates the probability of infection following 
the ingesting of a known dose of an organism using alpha and beta distribution parameters ( α and 
N50) representing the probability of a particular organism causing an infection(Fewtrell, Lorna et al., 
2007) (Ward, 2010). N50 represents the dose at which 50% of the sample population is expected to 
be affected or infected due to ingestion of a pathogen. 
 
The Beta-Poisson Model is given from QMRAwiki 
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The dose-response is shown in Figure 7.2 were utilised to predict the probability of infection for 
Campylobacter spp and Giardia spp respectively. 
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(a) dose-response for Campylobacter (b) dose-response for Giardia 
 
Figure 7.2 dose-response for pathogens (Black et al., 1988) (Erlandsen et al., 1988) as in QMRAwiki 
Arsenic Dose-response  
The disease endpoints of arsenic contamination considered for dose-response calculation include 
skin cancer, long cancer and bladder cancer. These endpoints were selected because reliable data 
were available. There are other effects of arsenic contamination such as kidney, liver and prostate 
cancer as Well as cardiovascular, endocrine and, reproductive and cognitive conditions. However, 
these effects are not considered in this study. The arsenic dose response for the cancer endpoints 
in this study was obtained from (Howard et al., 2006) which was in turn obtained from Yu et al. 
(2003). Both studies were performed in Bangladesh, a developing country with tropical weather 
conditions and economic conditions in Nigeria. Therefore, the dose-response function data from 
these studies were adopted on the assumption that they truly reflect the typical Nigerian scenario. 
The arsenic dose-response function for arsenic-induced skin cancer is given by a multistage dose-
response model of parametric form; 
( ) ( )( ) ( ) ( )( )mtHmtcqcqtcP k −−•+−−= 221exp1,                                            (7.2) 
• Where P(c,t) represents a fraction of people with skin cancer 
• C (µg/l) represents the arsenic concentration 
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• t (yr) represents the age 
• H represent Heaviside function (which is H(t-m) = 0 for t < m and H(t-m) = 1 for t ≥ m 
• q1, q2, k and m are non-negative parameters. 
The dose-response function is slightly different for lung, bladder and liver cancer as proposed by 
the National Research Council (NRC), Washington D.C (Yu et al., 2003). The value of the parameters, 
q1, q2, k and m in equation 1 are contained in Figure 7.3. 
The arsenic disease endpoint that will be used for DALY (discussed in the next section) calculation 
for this research is skin cancer. This is because of arsenic concentration (presented in section 6.5.4), 
in all the drinking water sources, assessed are below WHO recommended values indication that the 
risk of arsenic contamination is at negligible level (maybe non-existent).   
 
Figure 7.3 Parameter values for skin and internal cancers (Yu et al., 2003) 
 Risk characterisation 
Risk chracterisation is the analysis and integration of the information obtained from exposure 
assessment and effect assessment to estimate health risk (Who, 2016) expressed as disease burden 
in the form of disability-adjusted life years (DALYs).  
Estimation of disability-adjusted life years (DALYs) 
The DALY is a metric used to quantify and compare the burden of disease associated with different 
water hazards related to water. It considers varying probabilities, severities and duration of effects 
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and can apply to any hazard (microbial, chemical or radiological) (Who, 2011). It enables a 
consistent approach to each identified hazards.  
The DALY is an indicator of the burden of disease that utilises an exponential function to capture 
the value of time lived at different ages. This reflects the dependence of the young and the elderly 
on the adults. Also considered is the time lived with disability, made comparable with the time lost 
due to premature death based on six classes of disability severity. Each of this classes is assigned a 
severity weight between 0 and 1and a three percent discount rate assumed in the calculation of 
DALYs (Murray et al., 1994). The formula for DALYs is derived based on these assumptions. 
One DALY can be expressed as one lost year of healthy life. A summation of this across a given 
population is a measure of the gap between current health status and an ideal health situation 
where the population advances in an age free of disability and disease. 
For a disease or health condition, DALY can be calculated as the sum of years of lost life (YLL) due 
to premature mortality in the given population and the years lost due to disability (YLD) for those 
living with health conditions or its consequences.  
This is given by; 
YLDYLLDALYs +=                                                                                                                                    (7.3) 
  
LNYLL ×=                                                                                                                                                    (7.4) 
Where: 
• N = is the number of deaths 
• L = standard life expectancy at the age of Death in years 
LDWIYLD ××=                                                                                                                                         (7.5) 
where:  
• I = number of incident cases 
• DW = disability weight 
• L = average duration of the case until remission or death (years) 
YLD can also be expressed as  
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DWPYLD ×=                                                                                                                                               (7.6) 
where: 
• P = number of prevalent cases 
• DW = disability weight (according to WHO) 
In this study, however,  the estimation of the disease burden (in DALYs) is based on the results from 
the dose-response model is adopted from (Ahmed et al., 2006) as shown in Figure 7.4. This study 
was carried out in Bangladesh, a developing country like Nigeria, with very similar water supply 
scenarios in rural communities.  
 
Figure 7.4 Calculation of DALYs(Ahmed et al., 2006) 
DALYs are estimated based on the outcome of infection which can be derived by multiplying the 
duration of infection by the severity of the infection and the probability of infection. When the 
infection leads to the death, the severity is 1 and the duration, infection is given by life expectancy 
less the age at death, as shown in Figure 7.4.  
)()()( ryprobabilitDdurationSseverityDALYs ××=                                                                        (7.7) 
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7.5 Result and Discussion  
 DALYs 
The DALYs for the water sources presented in Figure 7.5 and in appendix 7. The DALYs from the 
estimated bacteria and protozoan pathogen concentration dominated the total disease burden 
estimates for the sources. The concentration of arsenic in all the sources are either zero (or below 
detection) or below WHO guidance values. 
The highest score of 1.61 x 10-3 was recorded with Tank-10 for reasons that can be traced back to 
microbial assessment scores and sanitary inspection score (Section 6.5.2 and Chapter 5 
respectively). Both are having scores above WHO recommended values with a mean FC count (N= 
8) of 71 cfu/100 ml) and used mean TC count (N=8) 266cfu/100ml. 
However, the DALY score of other RWH systems is in the are not of the screening level indicated in 
Table 7.6 and compares with previous studies stated in the table.  This indicates that the number 
of years affected by illness or injury from using the RWH systems is minimal. Also, the risk posed by 
drinking harvested rainwater does not exceed the recommended level.   
  
  
197 
 
 
Figure 7.5 DALYs by Source 
 
Table 7.6 Summary of DALY scores from previous studies (from UK RWH systems, the suggested 
screening level, WHO level for drinking water) 
Study DALY DALY X* DALY Z* 
(Fewtrell, Lorna et al., 
2007) 
6.8 x 10-5 5 x 10-5 4.5 x 10-3 
(Fewtrell  et al., 2008) 4.59 x 10-4 5 x 10-5 4.5 x 10-3 
(Ward et al., 2009) 1.80 x 10-5 5 x 10-5 4.5 x 10-3 
(Ahmed M F et al., 
2005) 
1.30 x 10-2 5 x 10-5 4.5 x 10-3 
 
X* = Suggested screening level by (Fewtrell and Kay,2008); Z*=WHO (2004) tolerable disease 
burden from drinking water also from (Who, 2004). 
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 Risk of infection 
The risk of infection assessed in this thesis is by the risk of infection per day (Pinf,d) which is given by 
multiplying the exposure dose per day and the probability of infection per day. The risk of infection 
per year, Pinf.y can be estimated by multiplying the risk of infection per day by 365 days. The formula 
in equation 6 and 7 are sourced from table 7.4 of  (Who, 2011) also can be found in (Who, 2016).  
rEP d ×=.inf                                                                                                                                                     (6) 
Where 
Pinf,d is risk of infection per day 
E is exposure dose per day 
r is the probability of infection per day (from dose-response model) 
The risk of infection per year Pinf.y is given by  
365..inf inf ×= dy PP                                                                                                                                            (7) 
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Figure 7.6 Risk of infection/day for Campylobacter (C) by source 
 
Figure 7.7 Risk of infection/day for Giardia lamblia(GL) by source 
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Figure 7.8 Risk of infection/day for Arsenic contamination by source 
 
Table 7.7 Spearman rho correlation and p-value 
 DALYs 
Risk/day-C 0.946 
0.000 
Risk/day-GL 0.948 
0.000 
Risk/day-As 0.497 
0.037 
 
The risk of (diarrhoeal) illness from a given infection, that is, the probability of illness per infection 
is 0.3 for campylobacter and 0.7 for cryptosporidium, (Who, 2011), Table 7.4. The results in Tables 
7.5.2 -7.5.4 in appendix 7,  Figure 7.6, Figure 7.7 and Figure 7.8 suggests that the rainwater tanks 
have a very lower risk of infecting consumers when compare to the Wells and the Streams. This is 
clear with the risk of illness per day based exposure ranging from 0% to less than 2% expect for tank 
10 with the risk of illness at 11% and 1.35% for Campylobacter and giardia lamblia exposure per day 
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respectively. This level of risk for tank 10 is not unexpected based on attributes of the facility like a 
non-tap outlet, water being drawn by dipping collection vessels directly and lack of maintenance. 
The results of the TC and FC counts presented Section 6.5.2 also explains this risk level. 
The higher risk of illness from the Streams and Wells is possible given the high TC and FC scores 
recorded in Section 6.5.2 and the high SI scores in Section 5.4.2 
Generally, the Spearman rho correlation analysis in Table 7.7 indicates a positive and significant 
correlation between DALY scores and the risk levels in the water sources. Therefore it can be said 
that the DALY scores reflect the level of risk posed by the drinking water sources. 
7.6 Conclusion 
In conclusion, it can be suggested that obtaining drinking water from the Streams and Well sources 
is not advisable without adequate treatment to make fit for drinking. 
Also, it can be said that water from the selected RWH systems can be considered for drinking. 
However, precautionary water treatment is advisable like installing filters at the tank inlet 
(Martinson et al., 2005) and boiling the water before drinking. 
The DALYs scores will be integrated with the sanitary inspection score and preference score from 
water quality perception surveys to derive the water quality index.  See Chapter 8. 
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CHAPTER EIGHT 
8 Health Risk Index 
8.1 Introduction 
In this chapter, the formulation of a risk metric, health risk index (HRI) in fulfilment of the fourth 
objective of this research study is present. The HRI, as developed here, is a tool that can 
communicate the extent of risk to human health associated with the drinking water from various 
water sources to government agencies and policymakers. It is anticipated that this tool will enhance 
the decision-making process for policymakers and government agencies with respect to rural water 
supply investment.  
The content of this chapter is the utilisation of the data from three main aspects of this study; 
sanitary inspection (SI), QHRA and water quality perception survey.   
The SI discussed in chapter 4 is a health risk-based assessment of the drinking water sources 
selected for this research. This generated health risk scores that will be used in this chapter. In 
chapter 7, the details of the QHRA process, the procedure as Well as the outcomes were discussed. 
Similar, the details of water quality perception and choice of drinking water source as obtained for 
this research were discussed in chapter 3. 
This chapter is presented in three stages 
• Background 
• Methods and procedure 
• Results and discussion 
The background will highlight the meaning and importance of HRI and its possible links with water 
safety plans and water supply management. While the methods and procedure will present the 
estimation factors and the steps taken to determine the HRI. Finally, the results and discussion 
section will present and explain the outcome of the process as Health risk index (HRI). 
203 
 
8.2 Background 
The main components of a good Water Safety Plan include;  
System assessment which helps to determine if the water supply chain (from catchment to 
treatment to the point of consumption) is capable of delivering water of a quality that meets water 
quality set targets. 
Operational monitoring of the control measures in the supply chain system that is key to securing 
drinking water safety. 
Management plans to record the system assessment and monitoring and detailing actions to be 
taken in normal operation and incident conditions. The plan may include upgrade and improvement 
of documentation and communication (Medema et al., 2006).  Health risk index (HRI) is a potential 
additional tool capable of positively boosting the system assessment plans aspect of water safety 
plan.  
In recent times, there has been the development of a series of indices to evaluate the quality of 
environmental factors. The use of these indices has its positives and negatives. For instance, in the 
process of data conversion, some information may be lost, but at the same time, the information 
provided may be simple and explicit for people outside water professional (or lay people) to 
understand (Caeiro et al., 2005; Lermontov et al., 2009).  
Fundamentally, an index is not formulated to describe contaminants’ concentration or variation of 
parameters separated (Lermontov et al., 2009).  The idea is to condense a complex reality into a 
single number/attribute, and this could prove very challenging. Therefore, it is imperative to define 
the goal of an index before formulation.  This will help to simplify the process by considering only 
essential variables that will be required for the index formulation (Lermontov et al., 2009). A typical 
example of such indices is the Water Quality Index. However, care must be taken to ensure the 
index adequately represents the contribution of the parameters as a single bad parameter can 
affect the index (Final, 2016). Some WQI may not carry enough information about the real quality 
situation of a water sample, and therefore many uses of water quality data may not be met (Ansari 
et al., 2013). But a very important benefit of WQI is the ability to communicate water quality 
information to the public and legislative decision makers. Additionally, WQI is not a multifaceted 
perdition model for technical and scientific applications (Mcclelland, 1974).    
WQI can be formulated by following the essential principle of condensing a complex reality into a 
single number or attribute. WQI can be described as a tool that is capable of representing the 
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quality of water simply and understandably (Sandru et al., 2016). According to  Landwehr (1979), 
an index is a performance measurement which combines technical information to derive a useable 
form which reflects the influence of physical, chemical and biological parameters of water quality 
status significantly. An important benefit of the used of WQI is indicated by House et al. (1989) is 
the possibility of ‘good’ and ‘bad’ water qualities to be aggregated by condensing a large data from 
a physicochemical and microbial variable into a single number. This number should be simple, 
objective and reproducible.  
The concept of WQI has been evolving since it was first introduced by Horton (1965) with several 
studies deriving WQI for different drinking water sources as shown in  
Table 8.1 Water Quality Index Literature 
Author/year Title Focus 
Sandru, Claudia 
David, Elena (2016) 
Determination of physicochemical 
parameters and water quality index (WQI) of 
Olt River 
River 
Shiow-Mey Liou, Shang-
Lien Lo and Shan-Hsien 
Wang (2003) 
A generalised water quality index for Taiwan River 
(Cude, 2001) Oregon water quality index: a tool for 
evaluating water quality management 
effectiveness 
Rivers and other 
watersheds 
(Said et al., 2004) An Innovative Index for Evaluating Water 
Quality in Streams 
 
Streams 
(Lumb et al., 2011) 
 
A Review of Genesis and Evolution of Water 
Quality Index (WQI) and Some Future 
Directions 
 
A Review paper 
(Sánchez et al., 2007) Use of the water quality index and dissolved 
oxygen 
deficit as simple indicators of watersheds 
pollution 
Watersheds 
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The studies presented in Table 8.1 used different variables from water quality parameters to 
determine water quality index. These range from physicochemical parameters as used in (Cude, 
2001), dissolved oxygen(DO), faecal coliform and other physicochemical parameters as used in Said 
et al. (2004) and Sánchez et al. (2007). In Lumb et al. (2011), the history of water quality indices was 
chronologically highlighted starting with Horton (1965) who first derived WQI from eight 
parameters, namely, DO, pH, sewage treatment, coliform density, conductivity, carbon chloroform 
extract, alkalinity and chlorides. A further review of history and evolution of WQI models from 
North America in the 1970s and Europe in the 1980s were detailed. The review also detailed the 
WQI models used in the 1990s, 2000s. 
These WQI models were developed for either surface water or groundwater sources with rainwater 
not identified and mainly for use in advanced economies. Rural and developing countries in Africa 
were not included in the reviewed studies. 
The index presented in this study is not a WQI; it is a health risk index (HRI) for monitoring water 
quality and rural water supply; taking into consideration 
• the chance of contamination of the drinking water source derived from sanitary 
inspection(SI) 
• the consequence or severity of drinking contaminated water represented by disease 
burden expressed in disability-adjusted life years (DALYs) obtained from the QHRA process 
• the perceived water quality which informs the choice of drinking water source among 
consumers and represents the chance of consumption from a given water source 
8.3 Method and procedure 
This section highlights how three parameters; sanitary inspection (SI) scores of the drinking water 
sources, the DALYs generated for the QHRA of the drinking water sources and the water quality 
perception survey in the local community were articulated to derive the HRI.  
 SI scores 
Sanitary inspection (SI) as detailed in chapter 4 was performed using the WHO SI method and the 
revised SI methodology developed for this research. SI was performed on 15 RWH systems, 2 
Streams and 2 Wells (shallow). The WHO SI and the revised SI forms were both used for the RWH 
systems whereas only the WHO SI form was used for the Streams and Wells. Reason being that 
developing alternative SI form for the Streams and Wells was out of the scope of this study. It would 
have been time-consuming and might have caused a significant delay in this study. 
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In deriving the HRI, the WHO SI scores were used, to maintain uniformity and consistency with SI 
scores from the Streams and Wells. Also, the SI scores were normalised between 0 & 1 to achieve 
consistence with the DALY and perception scores similarly normalised using equation 8.1  between 
0 & 1. The normalised SI (nSI) scores as are presented in Table 8.2 and  Table 8.3. 
 
Table 8.2 SI score for the RWH tanks 
Tank WHO SI scores nSI scores 
1 6 0.56 
2 6 0.56 
3 7 0.67 
4 5 0.44 
5 5 0.44 
6 3 0.22 
7 3 0.22 
8 4 0.33 
9 4 0.33 
10 6 0.56 
11 6 0.56 
12 5 0.44 
13 4 0.33 
14 4 0.33 
15 4 0.33 
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Table 8.3 SI score for the Streams and Wells 
Source WHO SI scores Normalized SI scores 
Stream 1 9 0.56 
Stream 2 9 0.56 
Well 1 6 0.89 
Well 2 6 0.89 
 
 QHRA scores 
The actual consequence of contamination and possible infection was evaluated by a quantitative 
health risk assessment (QHRA) which generated the disability-adjusted life years (DALYs), an 
estimate of a number of the years lost death or disability resulting from illness (Havelaar et al., 
2003).  
The QHRA process and details are presented in Chapter 7. However, the process as used in this 
study included evaluating the microbial quality of the drinking water sources by testing for faecal 
coliforms and total coliforms indicators as Well as metal detection tests. The FC count was used to 
estimate the concentration of selected reference pathogens, campylobacter and Giardia lamblia. 
Similarly, arsenic was selected for the QHRA process considering the established severity of health 
risks associated with arsenic contamination of drinking water sources (Mondal et al., 2008). The 
results of the QHRA in DALYs are presented in Table 8.4 
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Table 8.4 Calculated DALYs for each drinking water source 
Source Total DALYs 
T-1 1.65E-05 
T-2 2.63E-05 
T-3 1.80E-04 
T-4 8.59E-05 
T-5 3.51E-05 
T-6 8.43E-06 
T-7 7.45E-06 
T-8 1.77E-04 
T-9 8.60E-06 
T-10 1.61E-03 
T-11 8.55E-06 
T-12 6.02E-06 
T-13 7.27E-06 
T-14 1.20E-05 
T-15 7.95E-04 
Well-1 8.37E-04 
Well-2 1.16E-03 
Stream-1 7.38E-04 
Stream-2 1.65E-04 
 
 Water quality perception scores 
The third input to the HRI being presented in this study is the result of water quality perception 
survey, which was designed to obtain from the local people their choice of drinking water source, 
based on quality perception. These are those who depend on the water sources assessed for this 
study for their drinking water supply. The survey was to identify what property of water informs 
their choice of drinking water, is it; taste, smell, colour and taste. Also, the survey was to identify 
their choice of drinking water source in order of quality-based preference. A similar survey was 
administered to water/healthcare professionals to understand their concern and choice of drinking 
water source especially with respect to recommending drinking water source to people. The details 
of the perception survey are presented in chapter 4.  
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The specific outcome from the perception survey incorporated into the HRI is the rating/choice of 
drinking water source based on perceived quality as presented in Table 8.5. This outcome 
represents the likelihood of consumption of water from the selected sources. This increases the 
likelihood of drinking contaminated water if the water is contaminated as Well as increases the 
risk of infection. 
To obtain a factor to be applied in the HRI, the i-PRISM data was normalised using equation 8.1. 
The least score, Smin was normalised to zero and the highest, Smax was normalised to one. For the i-
PRISM rating, the smaller the number, the more important the attribute is to the individual. 
Subsequently, the mean of the normalised scores for each source (rainwater, Well and Stream) 
was calculated, and that will be the perception score that will be applied in the HRI formula in 
equation 8.2 
)(
)(1
maxmin
min
SS
SSNs
−
−
−=                                                                                                                      (8.1) 
Ns= normalized score 
S = individual score 
Smin= least overall score  
Smax= highest overall score  
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Table 8.5 Rating of water sources based on perceived quality 
 
Rainwater Well Stream 
Disc 
distance 
Normalized 
Disc 
distance 
Normalized 
Disc 
distance 
Normalized 
10.3 0.70 12.38 0.58 16.44 0.33 
5.26 1.00 15.3 0.40 20.46 0.09 
11.36 0.64 14.64 0.44 8.62 0.80 
6.4 0.93 16.81 0.31 11.09 0.65 
12.92 0.54 15.97 0.36 6.25 0.94 
6.81 0.91 17.03 0.30 11.39 0.63 
6.53 0.92 15.94 0.36 12.64 0.56 
6.44 0.93 16.78 0.31 10.38 0.70 
18.17 0.23 14.15 0.47 6.63 0.92 
5.97 0.96 16.16 0.35 9.68 0.74 
15.48 0.39 13.4 0.52 9.52 0.75 
6.78 0.91 18.39 0.22 11.52 0.63 
11.28 0.64 18.82 0.19 14.39 0.46 
10.7 0.68 20.59 0.09 15.83 0.37 
11.59 0.62 22.05 0.00 17 0.30 
6.22 0.94 15.66 0.38 19.75 0.14 
14.14 0.47 18.24 0.23 10.78 0.67 
11.26 0.64 18.9 0.19 14.41 0.46 
14.65 0.44 17.68 0.26 11.79 0.61 
10.65 0.68 18.39 0.22 14.86 0.43 
11.21 0.65 14.44 0.45 6.46 0.93 
6.4 0.93 11.3 0.64 14 0.48 
Mean  0.72  0.33  0.57 
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The N score 0.72 is applied to rainwater sources, 0.33 applied to Well sources, and 0.57 applied to 
Stream sources. These numbers represent how likely drinking water from these sources will be 
consumed. The higher the score, the greater the danger of exposure to the individual consumer.  
 The Health risk index  
This HRI is a factor of the three parameters, QHRA’s DALYs, SI score and perception score. The DALYs 
and SI score are both derivatives of risk assessment. The DALYs are derived from the severity of 
actual risks emerging from microbial and chemical sources as presented in chapter 6 and SI scores 
represent the likelihood of contamination from the observed risks factors that could be carrying 
more risks than observed risks. The DALYs and SI scores can be treated as risk predictors and 
summed up to account for both the potential and actual risks associated with each water source 
(Mathew et al., 2004). This is a way of quantifying the risk level taking into account the hazards and 
the exposure to adverse health effects (Wongsasuluk et al., 2014). The average of the DALYs and SI 
score is multiplied by the perception score (the likelihood of drinking from the source). This 
calculation is expressed by equation 8.2 and the outcome presented in Table 8.6 
𝑇𝑇𝑇𝑇𝐻𝐻 = 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑠𝑠+𝑛𝑛𝑆𝑆𝑛𝑛
2
 ×  𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑃𝑃𝑡𝑡𝑤𝑤𝑠𝑠𝑃𝑃                                                                                             8.2   
The HRI ranges from 0 to 1, a score closer to 0 can be said to indicate less adverse health effects 
and a score closer to 1 can be said to indicate a likely more adverse health effect. However, a 
complete analysis of all the input parameters should be taken into account for a reasonable 
prediction of risk. 
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Table 8.6 Calculated HRI for the assessed drinking water sources 
Source DALYs nSI score Perception HRI 
T-1 1.65E-05 0.56 0.72 0.20 
T-2 2.63E-05 0.56 0.72 0.40 
T-3 1.80E-04 0.67 0.72 0.48 
T-4 8.59E-05 0.44 0.72 0.32 
T-5 3.51E-05 0.44 0.72 0.32 
T-6 8.43E-06 0.22 0.72 0.16 
T-7 7.45E-06 0.22 0.72 0.16 
T-8 1.77E-04 0.33 0.72 0.24 
T-9 8.60E-06 0.33 0.72 0.24 
T-10 1.61E-03 0.56 0.72 0.40 
T-11 8.55E-06 0.56 0.72 0.40 
T-12 6.02E-06 0.44 0.72 0.32 
T-13 7.27E-06 0.33 0.72 0.24 
T-14 1.20E-05 0.33 0.72 0.24 
T-15 7.95E-04 0.33 0.72 0.24 
Well-1 8.37E-04 0.56 0.33 0.18 
Well-2 1.16E-03 0.56 0.33 0.18 
Stream-1 7.38E-04 0.89 0.57 0.51 
Stream-2 1.65E-04 0.89 0.57 0.51 
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Figure 8.1 The Health Risk Index (HRI) of the drinking water sources sampled 
8.4 Result and Discussion 
In the results of the HRI calculations shown in Figure 8.1, the ‘T’ represents RWH tank, so T-1-T-15 
refers to the RWH tanks analysed. Other sources are Stream-1 & 2 and Well 1&2.  The result 
indicates T-6 and T-7 as having the lowest HRI 0.16 and Streams-1&2 as having the highest HRI 0.51. 
Putting this in context means that T-6 and T-7 have lower risks of adverse health effects than other 
sources while Stream-1 and Stream-2 have more risks to human health than other sources. In 
principle, HRI, tending towards one, indicates a more contaminated source and HRI tending 
towards zero indicates a less contaminated source. The RWH tanks recorded low HRI in comparison 
with the Streams and Wells. However, T-3, T-10, and T-11 seem to be exceptions with HRI values of 
0.48, 0.40 and 0.40 respectively. This result is not unexpected because the tanks are small with no 
tap outlet and water is collected by dipping a collection vessel directly into the tank. This can be 
said to have increased the risks of contamination, which was evident in the FC, and TC from the 
tank as detailed in Chapter 6. The other reason is a high likelihood of drinking from the source which 
is scored 0.72. The Wells have unexpectedly low HRI because the risk of drinking from the source is 
quite low at 0.33. Therefore HRI score is to be properly analysed before conclusions are drawn.  
Table 8.7 is presented Spearman rho correlation coefficients, r and p-values between HRI, SI scores 
and DALYs. A positive and significant correlation exists between HRI and SI scores with HRI and 
DALYs having a positive, none significant correlation as shown in Table 8.7, Figure 8.2 and Figure 
8.3. A negative correlation was recorded between HRI and perception as indicated in Figure 8.4 and 
Table 8.7. This is an indication that SI scores strongly influenced the HRI. However, the perception 
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score did not have similar effect probably because same perception scores were applied to the 
drinking water sources as a group and as not separate sources. It is very important at this stage not 
to interpret the HRI values in isolation from the DALYs scores.  
 
Table 8.7 Spearman’s rank correlations analysis 
 
 
 
 
 
Figure 8.2 HRI vs SI score 
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Figure 8.3 HRI vs DALYs 
 
 
Figure 8.4 HRI vs Perception 
0.00180.00160.00140.00120.00100.00080.00060.00040.00020.0000
1.0
0.8
0.6
0.4
0.2
0.0
DALYs
H
RI
1.00.80.60.40.20.0
1.0
0.8
0.6
0.4
0.2
0.0
Perception
H
RI
216 
 
8.5 Conclusion 
This method of health risk index derivation is quite different from the water quality index methods 
presented in Table 8.1. It is more realistic, less mathematical and relies on rigorous risk assessment 
programs to derive the parameters with a simple calculation to articulate the scores.  It considers 
very important issues in drinking water supply management, the risk of contamination 
consequences of contamination and to a considerable extent, people’s choice of drinking water 
source based on the quality of the sources. It applies to any water source, and risks from most 
known water contaminant can be quantified. 
From the low HRI recorded by most of the RWH tanks, it can be said that with adequate treatment 
which could be minimal, rainwater can be a reliable source of drinking water. Also, given the 
perception score of 0.72(out of 1) which indicates the likelihood of being used, most of the people 
surveyed are likely to use drinking water from rainwater sources. This consistent with other 
studies(Barron et al., 2009; Handia et al., 2003; Ishaku et al., 2011; Ishaku et al., 2012; Pachpute et 
al., 2009) that have found RWH as a reliable way of sustainable drinking supply especially in rural 
communities of developing countries. It could be better than other sources like Wells and Streams 
given the HRI results. As most people are likely to drink from rainwater sources, as indicated by 
perception score, there could be an increased risk of infection should the rainwater source be 
contaminated. 
Another benefit of the HRI is the easy comparison of drinking water sources. This makes the HRI a 
handy tool for government agencies to decide on investment options with respect to rural drinking 
water supply.  
However, the process that established this HRI requires validation through further data collection 
to strengthen its robustness. A polymerase chain reaction (PCR) analysis for the identification of 
specific pathogens in water sources and subsequent calculation of DALYs could be valuable in this 
regard. It is expected that with further data collection, testing and validation the HRI will be a stand-
alone value that gives a summarised health risk of any water source.  
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CHAPTER NINE 
9 Conclusion, Recommendation and Further Research 
9.1 Conclusion 
Factors including shortage of adequate drinking water and poorly maintained water supply sources 
in rural communities in developing countries have led to the awakening of the need to explore 
sustainable water management techniques like rainwater harvesting (RWH). While RWH is gaining 
momentum in developed and developing countries, as discussed in section 2.2.4, the Nigerian 
standard for drinking water quality, 2007 omitted RWH as sources of water supply.  
With a mean annual rainfall of …and a fair, consistent rainfall pattern especially in the southern 
region, actions need to be taken to encourage stakeholders for a policy shift towards the RWH 
potentials for water supply, especially within the rural communities. Examination of the situation 
of RWH in countries around the world as discussed in chapter 2) indicates a clear recognition of the 
benefits of RWH and policy shift which is promoting programs of RWH.  
The socio-technical aspects of RWH were explored in explored in this research to put the potentials 
of RWH on the discussion table of stakeholders in Nigeria and other West African countries. This 
was done by deriving and applying a socio-technical approach to explore the engineering-oriented 
knowledge gaps like water quality perception and water quality.  This understanding was needed 
to subsequently derive a water quality index based on empirical data to support policymakers and 
government agencies in making decisions regards rural water supply. 
This research has been able to establish that the socio-technical aspects of drinking water quality 
are important and requires an interdisciplinary investigation for meaningful results (Chapter 4). 
The social and technical data gathering resulted in some key findings.  
Survey of water/health professionals and end-users’ revealed similar views about choosing a 
drinking source and the quality of drinking water from different sources (rainwater, Stream, Well).  
 The perceptions of the water/health professionals were assessed based on the following categories 
 
• Rating based on the likelihood of contamination 
• Rating based on Taste 
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• Rating based on Chemical Quality 
• Rating based on Bacterial Quality 
• Rating based on perceived overall quality 
Also, preference in recommending drinking water source to their client was assessed based  
• Recommendations based on overall quality 
• Recommendations based on microbiological parameters, FC, TC or other qualities. 
In Chapter 4, Figure 4.7, the result of the rating given to drinking water sources by water and health 
professionals indicate that the professionals view pipe-borne water as slightly better than rainwater 
but as good as borehole water (mean rating scores of 4.1, 3.3, 3.2 for pipe-borne water, rainwater 
and borehole respectively). 
This could be suggesting that the professionals are mostly likely to recommend pipe-borne water, 
rainwater or borehole mainly based faecal coliform count or more strongly, based on colour/taste 
as shown in Figure 4.8. 
These views are like that of end-users’ (in the study community) survey who were assessed by 
asking them two priority questions 
1. What informs the choice of drinking water source; Taste, Smell, Colour/Clarity, Professional 
advice? 
2. Choice of drinking water source based on perceived quality; borehole, rainwater, Stream 
or Well 
The end-users’ choice of drinking water source was driven mainly by colour then smell followed by 
taste and these properties they understand very clearly. Overall most end-users’ (in the study 
community) first choice of drinking water source is rainwater followed by a borehole.  
Water quality results discussed in chapter 6 and incorporated into a quantitative health risk 
assessment (QHRA) indicate that the risk to health posed by the assessed drinking water sources is 
less with RWH facilities when compared with Stream and Well sources. With the calculated risk of 
daily microbial infection of 1.5%, 8.0%, 7.1% for Rainwater, Well and Stream respectively.  The risk 
of microbial contamination of the RWH system and the subsequent health risk could be reduced to 
minimal levels by simple filtration and boiling.  
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The sanitary inspection aspect showed the Stream and Well-drinking water sources as more at risk 
of contamination when compared to RWH facilities. The water quality assessment confirms this 
possibility with higher FC and TC coming from the Stream and Well sources. 
Integration of the social and technical evidence resulted in a water quality index that seems capable 
of giving a snapshot of the level of health risk a drinking water source will pose.  
Interactions with the local people during the research indicates RWH awareness (discussed in 
chapter 1) as most people have one form of RWH system or the other from small buckets put out 
during rain events to plastic tanks. However, it seems most people lack the financial capacity to do 
this sustainably. This assertion was not part of this research, but it is worth investigating to proffer 
ways government agencies can be of help. 
9.2 Suggested implementation plan 
The last objective of this research is to suggest policy framework that will encourage formal 
adoption of RWH as a viable source of portable drinking water. The important steps to be taken are 
1. Formal recognition of RWH in Nigeria’s National Standard for Drinking Water Quality, 
document. The current document produced in 2007 did not list RWH harvesting as a source 
of drinking water but listed Streams and Wells. Many countries and World Health 
Organisation (WHO) (as highlighted in the SDGs and MDGs discussed in chapter 1) 
recognises RWH in their drinking water standard policy in line with the WHO’s drinking 
water quality standard. 
 
2. Establishment of RWH advocacy group to promote RWH and provide policy guidance to all 
levels of government and its agencies. Rainwater harvesting association and networks are 
common around the world especially in other developing countries like  
 
3. Harmonise the research efforts of the academic community in Nigeria and develop a policy 
the will implement RWH as a strategic effort towards sustainable rural water supply and 
management. One important step could be for the government to ensure that prices of 
RWH systems (tanks) are very affordable to individual households in the rural communities 
(tax cuts or reduce import duties on raw materials for manufacturers could help). This will 
encourage self-supply efforts for drinking water and transfer the responsibility of system 
maintenance to individual households thereby enhancing system efficiency. 
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4. Development of building regulations that make designers, engineers and other related 
professionals focus more on RWH friendly buildings and facilities. Any form of incentives 
for designers and construction companies could be necessary. 
5. The Health Risk Index should be incorporated into the national water safety plan to help 
prioritise investment plans with respect to water supply and management especially in 
rural communities  
9.3 Recommendations for further work 
There are aspects of this research that can be expanded through a wider survey and a bigger 
molecular data collection. 
 Perception survey 
The perception survey (using i-PRIM) of the local community can be expanded to obtain views about 
taste, smell, the colour of each RWH system or water source from the individuals that use it. The 
expansion can improve the robustness of the perception data collection so that for each water 
source there is a perception score that can be used to calculate the HRI. 
Similarly, to follow on or monitor perception trends it will be interesting to identify the perception 
of the individuals surveyed when presented with results from the laboratory tests, the sanitary 
inspection or the HRI. This could form a data base for feature research. 
 Sanitary Inspection 
Strong efforts were made to develop a revised SI form for RWH systems due to issues highlighted 
in chapter 5. However, as the effectiveness of the revised SI form has been considered as 
inconclusive at this stage, a further data collection program involving more RWH facilities for an 
extended period of data collection and analysis may likely prove the effectiveness of the new SI 
method. Also, the SI form can be developed into a mobile app. The app could reduce paper carrying, 
fast data transfer to computer and analysis. It could be a bit of fun doing the job with an app instead 
of paper. Another aspect is the development of a revised SI form for Wells and Streams like that of 
RWH system. The revised form is to ensure data from the SI forms can be utilised in similar ways. 
The weighting survey of the sanitary inspection can be reviewed and obtained based on 
measurements at points along the system rather than a subjective weighting.  
 Quantitative Health Risk Assessment (QHRA) 
Because of the difficulty in finding a suitable laboratory for RNA extraction for the pathogen 
enumeration. It is recommended that this can still be tried out to obtain actual pathogen count to 
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reduce the rigours of indicator –pathogen ratio process used in this research. The pathogen count 
could improve the robustness and reliability of the QHRA process. 
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Appendices 
Appendix 4: Water quality perception survey questionnaire form and normality tests 
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Appendix 5: Some results of SI analysis and Revised SI form 
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Appendix 6 More correlation results and graphs of metal concentration with rainfall 
In Tank-1 metals concentration and rainfall 
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In Tank-2 metals concentration and rainfall 
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In Tank-3 metals concentration and rainfall with correlations 
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In Tank-4 metals concentration and rainfall with correlations 
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In Tanks-5 metals concentration and rainfall with correlations 
 Rainfall 
Al 0.335 
 0.417 
As 0.647 
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In Stream-1 metals concentration and rainfall  
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In Stream-2 metals concentration and rainfall 
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In Well-1 metals concentration and rainfall 
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In Well-2 metals concentration and rainfall 
 Rainfall 
Al 0.145 
 0.784 
As 0.319 
 0.538 
Cd -0.105 
 0.843 
Co 0.377 
 0.461 
Cr 0.232 
 0.658 
Cu -0.105 
 0.843 
Fe -0.029 
 0.957 
Mn 0.638 
 0.173 
Zn -0.696 
 0.125 
Ni 0.725 
 0.103 
Pb -0.105 
 0.843 
Sn -0.105 
 0.843 
V 0.544 
 0.264 
 
296 
 
 
 
 
0
5
10
15
20
25
30
35
40
45
0
100
200
300
400
500
600
700
800
900
1000
m
m
ug
/l
Rainfall Al
0
5
10
15
20
25
30
35
40
45
4
4.2
4.4
4.6
4.8
5
5.2
5.4
m
m
ug
/l
Rainfall As
297 
 
 
 
 
 
0
5
10
15
20
25
30
35
40
45
0
0.02
0.04
0.06
0.08
0.1
0.12
m
m
ug
/l
Rainfall Cd
0
5
10
15
20
25
30
35
40
45
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
m
m
ug
/l
Rainfall Co
298 
 
 
 
 
 
0
5
10
15
20
25
30
35
40
45
0
0.2
0.4
0.6
0.8
1
1.2
m
m
ug
/l
Rainfall Cr
0
5
10
15
20
25
30
35
40
45
0
0.5
1
1.5
2
2.5
3
3.5
4
m
m
ug
/l
Rainfall Cu
299 
 
 
 
 
 
0
5
10
15
20
25
30
35
40
45
0
20
40
60
80
100
120
m
m
ug
/l
Rainfall Fe
0
5
10
15
20
25
30
35
40
45
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
m
m
ug
/l
Rainfall Ni
300 
 
 
 
 
 
 
0
5
10
15
20
25
30
35
40
45
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
m
m
ug
/l
Rainfall Pb
0
5
10
15
20
25
30
35
40
45
0
0.1
0.2
0.3
0.4
0.5
0.6
m
m
ug
/l
Rainfall Sn
0
5
10
15
20
25
30
35
40
45
2.4
2.5
2.6
2.7
2.8
2.9
3
3.1
3.2
3.3
m
m
ug
/l
Rainfall V
301 
 
 
 
0
5
10
15
20
25
30
35
40
45
0
20
40
60
80
100
120
m
m
ug
/l
Rainfall Zn
302 
 
Rainfall and Coliforms 
In Tank-1 TC-FC concentration and rainfall during the sampling period
 
 
In Tank-2 TC-FC concentration and rainfall during the sampling period 
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In Tank-4 TC-FC concentration and rainfall during the sampling period 
 
 
In Well-1- TC-FC concentration and rainfall during the sampling period 
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Appendix 7 Additional results from QHRA 
 
Ratio for Campylobacter 
 
Faecal Coliform cfu/l Campylobacter 
(cyst/l) 
2300 110 
20 47 
50 5 
120 30 
150 0.1 
30 0.1 
10 0.1 
20 0.1 
20 0.1 
10 0.1 
890 0.1 
50 0.1 
120 0.1 
10 0.1 
10 0.1 
Geometric Mean  49.5 0.46 
Ratio 
 
0.0092 
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Ratio for Giardia lamblia 
 
Faecal coliform 
CFU/l 
G-lamblia 
Cyst/l 
150 120 
10 160 
50 580 
30 0.1 
10 0.1 
20 0.1 
20 0.1 
2300 0.1 
890 0.1 
20 0.1 
50 0.1 
120 0.1 
120 0.1 
Geometric Mean 63.36141015 0.592686895 
Ratio 
 
0.009354 
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DALYs for the water sources 
Source DALYs-Campylobacter DALYs-Giardia lamblia DALYs-Arsenic Total DALYs 
T-1 6.51E-06 4.84E-07 9.53E-06 1.65E-05 
T-2 1.81E-05 1.37E-06 6.80E-06 2.63E-05 
T-3 1.59E-04 1.25E-05 9.09E-06 1.80E-04 
T-4 7.22E-05 5.48E-06 8.26E-06 8.59E-05 
T-5 2.59E-05 1.94E-06 7.32E-06 3.51E-05 
T-6 0.00E+00 0.00E+00 8.43E-06 8.43E-06 
T-7 0.00E+00 0.00E+00 7.45E-06 7.45E-06 
T-8 1.53E-04 1.21E-05 1.15E-05 1.77E-04 
T-9 0.00E+00 0.00E+00 8.60E-06 8.60E-06 
T-10 1.43E-03 1.71E-04 8.55E-06 1.61E-03 
T-11 0.00E+00 0.00E+00 8.55E-06 8.55E-06 
T-12 0.00E+00 0.00E+00 6.02E-06 6.02E-06 
T-13 0.00E+00 0.00E+00 7.27E-06 7.27E-06 
T-14 0.00E+00 0.00E+00 1.20E-05 1.20E-05 
T-15 7.19E-04 6.78E-05 7.30E-06 7.95E-04 
Well-1 7.54E-04 7.20E-05 1.06E-05 8.37E-04 
Well-2 1.03E-03 1.08E-04 1.47E-05 1.16E-03 
AMA-1 6.66E-04 6.18E-05 9.85E-06 7.38E-04 
NG-2 6.18E-05 9.29E-05 9.88E-06 1.65E-04 
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Risk of infection from Giardia lamblia 
Source DALYs-Giardia 
lamblia 
Risk of infection/day 
T-1 4.84E-07 0.00% 
T-2 1.37E-06 0.01% 
T-3 1.25E-05 0.10% 
T-4 5.48E-06 0.04% 
T-5 1.94E-06 0.02% 
T-6 0.00E+00 0.00% 
T-7 0.00E+00 0.00% 
T-8 1.21E-05 0.10% 
T-9 0.00E+00 0.00% 
T-10 1.71E-04 1.39% 
T-11 0.00E+00 0.00% 
T-12 0.00E+00 0.00% 
T-13 0.00E+00 0.00% 
T-14 0.00E+00 0.00% 
T-15 6.78E-05 0.55% 
Well-1 7.20E-05 0.59% 
Well-2 1.08E-04 0.88% 
AMA-1 6.18E-05 0.50% 
NG-2 9.29E-05 0.76% 
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Risk of infection from DALYs Campylobacter 
Source DALYs-Campy Risk of infection/day 
T-1 6.51E-06 0.05% 
T-2 1.81E-05 0.15% 
T-3 1.59E-04 1.30% 
T-4 7.22E-05 0.18% 
T-5 2.59E-05 0.21% 
T-6 0.00E+00 0.00% 
T-7 0.00E+00 0.00% 
T-8 1.53E-04 1.25% 
T-9 0.00E+00 0.00% 
T-10 1.43E-03 11.64% 
T-11 0.00E+00 0.00% 
T-12 0.00E+00 0.00% 
T-13 0.00E+00 0.00% 
T-14 0.00E+00 0.00% 
T-15 7.19E-04 5.87% 
Well-1 7.54E-04 6.15% 
Well-2 1.03E-03 8.42% 
AMA-1 6.66E-04 5.43% 
NG-2 6.18E-05 7.51% 
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Risk of infection from arsenic contamination 
Source DALYs-Arsenic 
Risk of infection/day 
(Arsenic-skin cancer) 
T-1 9.52669E-06 0.0022% 
T-2 6.79849E-06 0.0011% 
T-3 9.08819E-06 0.0020% 
T-4 8.25613E-06 0.0017% 
T-5 7.32342E-06 0.0013% 
T-6 8.43235E-06 0.0018% 
T-7 7.44966E-06 0.0014% 
T-8 1.14871E-05 0.0032% 
T-9 8.60429E-06 0.0018% 
T-10 8.54853E-06 0.0018% 
T-11 8.54853E-06 0.0018% 
T-12 6.02173E-06 0.0009% 
T-13 7.27336E-06 0.0013% 
T-14 1.19626E-05 0.0035% 
T-15 7.3012E-06 0.0013% 
Well-1 1.06036E-05 0.0028% 
Well-2 1.47105E-05 0.0053% 
AMA-1 9.85019E-06 0.0024% 
NG-2 9.87778E-06 0.0024% 
 
 
